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Preface 


Volume 47 of Advances in Heterocyclic Chemistry is, unlike most 
volumes, a monograph and deals with the quantitative aspects of electro¬ 
philic substitution of heterocycles. It is written by Roger Taylor of the 
University of Sussex, Brighton, England, and your editor with one 
chapter contributed by Ross Grimmett of the University of Otago in New 
Zealand. It is hoped that this survey of the whole area of electrophilic 
substitution of heterocycles, covering as it does semiqualitative as well 
as completely quantitative aspects, will be of considerable help to 
workers in the field. 

As is normal for volumes of our series, no subject index is included. 
Instead, there is a very detailed contents from which we believe it will be 
possible to track down most points. Of course, this volume will be 
indexed in Volume 51, which will be the next “index volume” of the 
series and will cover Volumes 46-50, just as Volume 46 covered Volumes 
41-45 and Volume 40 covered Volumes 1-40. 


Alan R. Katritzky 
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Chapter 1 


Introduction 


1. General Objectives 

A large and important part of the preparative chemistry of heteroaro¬ 
matic compounds has been concerned with their electrophilic substitution 
reactions. Similarities between the chemistry of heteroaromatic com¬ 
pounds and benzenoid derivatives were recognized early, and reactions 
discovered initially in the benzene series were then applied to various 
heterocycles. 

The classical investigations of the mechanism of aromatic electrophilic 
substitutions concentrated on benzenoid derivatives; thus the 1266 pages 
of the second edition of Ingold’s definitive Structure and Mechanism in 
Organic Chemistry, written in 1969, while describing in great detail the 
mechanism of electrophilic substitution, barely mentioned heterocyclic 
chemistry. However, over the last 20 years the position has changed dra¬ 
matically and several schools have made considerable headway in the 
detailed study of mechanism and reactivity in heteroaromatic electro¬ 
philic substitution, notably at the Universities of East Anglia, Exeter, 
Florida, Perugia, and Sussex, and at University College London. 

The objectives of this work can be illustrated by reference to the pro¬ 
gram at the University of East Anglia over the years 1965-1980. 

(1) It was first necessary to define the species of the heterocycle enter¬ 
ing into reaction under any particular set of conditions. For example, ba¬ 
sic molecules such as pyridine could react as free base or conjugate acid, 
whereas a potentially tautomeric compound such as 4-pyridone could re¬ 
act as such, or in the other tautomeric form (4-hydroxypyridine), or as 
the conjugate acid or base. 

(2) Having defined the species reacting, the quantitative effect of the 
heteratom(s) on reactivity had to be determined. This entailed a kinetic 
investigation which, for purposes of comparison, often needed extrapola¬ 
tion to standard conditions of the kinetic results (which had to be obtained 
under a wide variety of conditions because of the very large differences 
in reactivity encountered). 

(3) With information available regarding the quantitative effects of the 
heteroatoms on the reactivity of various systems, the correlation of the 
effects of heteroatoms on different reactions and different substrates 
could be examined. Mutual interactions with substituents and other het- 
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eroatoms, and interactions of heteroatoms with the reagent in the transi¬ 
tion state, were to be investigated and, if possible, explained by linear 
free-energy relationships (LFER), valence bond, molecular orbital (MO), 
or other theoretical methods. 

(4) The experimental program at the University of Sussex (1970-pres¬ 
ent) of reactivity in the gas phase (involving formation of side-chain car- 
bocations) has, in addition to the points already mentioned, demonstrated 
the need to take hydrogen bonding into account for both -ir-deficient and 
Tr-excessive heteroaromatics, showing that this can in some cases mark¬ 
edly alter the reactivity. 

(5) Many other studies have encompassed all or some of the aspects 
discussed below. 


2. Significance of Mechanism in the Electrophilic Substitution 
of Heterocycles 

In addition to their own intrinsic scientific interest, the studies outlined 
above are of great importance in several respects. 

A. Rationalization of Experimental Results 

The recognition of the species which is undergoing reaction, of the 
quantitative effects of heteroatoms, of interactions between heteroatoms 
and substituents, and of the importance of hydrogen bonding have made 
possible, for the first time, a rational, quantitative, overall treatment of 
heteroaromatic reactivity patterns. 

The heterocyclic literature is enormous, and a significant fraction deals 
with electrophilic substitution reactions of heteroaromatics. A great many 
authors have provided quantitative data, but the data are scattered 
through the literature, rarely reviewed comprehensively, and still less in¬ 
terpreted. Indeed, a proper interpretation is possible only by taking the 
wider view. This is what this book is intended to provide. It has been 
found possible not only to give interpretations of all of these quantitative 
data—in many cases for the first time—but to consider, additionally, 
much of the semiquantitative and qualitative work on the electrophilic 
substitution of heterocycles. 

In our rationalization, we have relied heavily on the classical concept 
of aromaticity with particular emphasis on bond order and bond fixation. 
These concepts, together with acid-base and tautomeric equilibria and 
hydrogen bonding, are capable of explaining nearly all of the quantitative 



Sec. 3] 


SCOPE AND ORGANIZATION 


results. We have found MO methods less helpful: Electrophilic substitu¬ 
tion reactions are usually carried out in condensed phases involving very 
strong solvent-substrate and solvent-reagent interactions, which vary 
considerably from ground to transition states. MO methods are still un¬ 
able to cope effectively with this behavior, although this is changing 
rapidly. 

B. Guidance in Future Experimental Work 

The rationalizations just discussed can be used in extrapolation. Study 
of this book should be of considerable assistance in the optimization of 
experimental conditions, whether it be to improve overall yields, or to 
maximize the yield of one particular orientation or substitution. 

The reactivity patterns disclosed in this book will be of greatest help in 
assessing the probability of success for new reactions, and in choosing 
experimental conditions likely to render such reactions successful. 


3. Scope and Organization of Review 

In this review we have gathered the important work on quantitative and 
mechanistic aspects of electrophilic aromatic reactivity of heterocycles. 
We have concentrated in particular on acid-catalyzed hydrogen ex¬ 
change, nitration, and gas-phase elimination, these being the major efforts 
of our own research groups. However all other electrophilic substitution 
reactions are covered for completeness. 

The book is divided into two parts: Part I (Chapters 2-5) is concerned 
with individual reactions, and Parts II and III (Chapters 6-12) with groups 
of related compounds. 

Part I commences with hydrogen exchange, both because this is the 
simplest electrophilic substitution, and because the studies can be and 
have been extended over a far wider range of experimental conditions, 
and substrates, than any other electrophilic substitution. Chapter 3 deals 
with nitration, and Chapter 4 with other electrophilic substitutions. Chap¬ 
ter 5 is devoted to a study of the formation of side-chain carbocations, 
the results of which are of great importance in the interpretation of heter¬ 
oaromatic reactivity. 

Parts II (Five-Membered Heterocyclic Rings) and III (Six-Membered 
Heterocyclic Rings) are organized along classical lines: Monocyclic five- 
membered rings with one heteroatom (Chapter 6), monocyclic five-mem- 
bered rings with two or more heteroatoms (Chapter 7), polycyclic com- 
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pounds with five-membered rings (Chapter 8), monocyclic six-membered 
rings with one heteroatom (Chapter 9), monocyclic six-membered rings 
with two heteroatoms (Chapter 10), and polycyclic six-membered rings 
(Chapter 11). Little quantitative work has been reported on seven-mem- 
bered or larger rings. Some of this is considered in Chapter 12. 



Part I 

Electrophilic Substitution 
Reactions 
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Hydrogen exchange can occur under either acid- or base-catalyzed 
conditions. Both can be considered electrophilic aromatic substitutions, 
the latter involving attack of the electrophile upon an aromatic anion, 
zwitterion, or ylide. The former reaction is aided by electron supply, the 
latter by electron withdrawal (particularly by -/ effects) as the rate¬ 
determining step is the initial proton loss. Steric hindrance, negligible in 
virtually all cases under acid-catalyzed conditions, appears to be of 
slightly greater importance under base-catalyzed conditions. 


1. Acid-Catalyzed Exchange 

A. Mechanism 

The mechanism of acid-catalyzed exchange has been described in very 
great detail elsewhere [72MI2(194)], so that only a summary of the main 
features together with more recent material is given here. 

The reaction (in the form of deuteriation) was first shown to be an elec¬ 
trophilic substitution by Ingold, Wilson, and their co-workers some 50 
years ago [34N(L)347; 36JCS915,1637; 38JCS28], These workers found 
the order of reactivity of electrophiles to be D 2 S0 4 > D 3 0 + > DOPh > 
D 2 0. Shortly thereafter, Koizumi and Titani examined the reactivity of 
additional aromatics, including heterocycles (38BCJ95,681; 39BCJ353). 
Both these and subsequent studies have concentrated on two main areas, 
namely the determination of the mechanism of the reaction, and use of it 
to determine quantitative electrophilic reactivities of aromatics. In this 
latter respect the reaction has great advantages over other electrophilic 
substitutions, including (i) absence of steric hindrance; (ii) the ability to 
carry out studies on very small quantities of aromatic; (iii) very high ki¬ 
netic accuracy; and (iv) a large rate spread due to the range of electro¬ 
philes available, including those of fairly low reactivity, which provide a 
reaction of quite high p factor. 

The mechanism of the reaction was shown by Eaborn and Taylor to 
be (60JCS3301) an acid-catalyzed version of the S E 2 mechanism (A-S E 2), 
which applies to most electrophilic substitutions (Scheme 2.1). This in¬ 
volves a bimolecular reaction between an acid (HA) and the aromatic to 
give a Wheland intermediate, which then loses a hydrogen ion to give 
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R R R 

( 2 - 1 ) 

Scheme 2.1. The A-S E 2 mechanism for acid-catalyzed hydrogen exchange. 


A - . The reaction is reversible and the profile is symmetrical about the 
intermediate (2.1) apart from small differences arising only from the na¬ 
ture of the isotopes. Bond breaking and bond making take place in essen¬ 
tially identical and rate-determining steps (56ACS879; 59JA5509; 
60JCS3301; 61JA2877); it is this near symmetry of the reaction pathway 
that contributes to the low steric requirement of the reaction. The exis¬ 
tence of a Wheland intermediate was first demonstrated by Gold and Tye, 
who found that anthracene in sulfuric acid gave a yellow species, attrib¬ 
uted to 9-protonated anthracene (2.2) (52JCS2172.2184). More recently, 
nuclear magnetic resonance (NMR) methods have confirmed the exis¬ 
tence of such structures in a number of cases, and even shown that the 
charge distribution in the benzenonium ion is as shown in structure 
2.3 (58MP247; 60RTC737; 70JA2546; 71JOU1232; 72JOU1685,1808; 
73JOC3212; 74BAU232, 74JA6908). 



(22) (2-3) 

Early kinetic work had led to the proposal of the A-l mechanism, i.e., 
one in which ir-complexes are formed in a rapid pre-equilibrium, followed 
by rate-determining intramolecular exchange of (one form of) the interme¬ 
diate into the other (55JCS3609,3619,3622; 56JCS391I). However, this 
was based on a linear correlation of log exchange-rate coefficient versus 
the acidity function - H 0 , which was found subsequently not to hold over 
wider acid ranges, the slopes increasing with increasing acidity 
(60JCS3301); similarly, there was no correlation of exchange rates be¬ 
tween different acids of the same H 0 value (55JCS3609). The implication 
drawn from the supposedly linear log k versus -//„ plots was that ex¬ 
change was catalyzed by specific acids (i.e., by H 3 0 + only), but later 
work showed that catalysis is effected by a variety of other proton-donor 
acidic species (general-acid catalysis). The A-l mechanism was further 
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based on the now-discredited Zucker-Hammett hypothesis that a water 
molecule cannot be covalently bound in the transition state if H 3 0 + is the 
catalyzing acid. This hypothesis has been demonstrated to be incorrect 
because similar bases can show different protonation behavior in a given 
acid [55JA3044; 56ACS879; 59JA5790; 60JA2965, 60JA4729, 60TL(21)12; 
62JA3778, 62JA4343; 63T465; 65CC46; 66JCS(B)613; 71JA6181], 

Since catalyzing acids of a wide range of strengths can be employed in 
hydrogen exchange, the reactivity of the electrophile could be expected 
to vary accordingly, thus producing a spectrum of transition states. For 
example, before the demise of the Zucker-Hammett postulate it was pro¬ 
posed that the reaction could change from the A-S E 2 to the A-l mecha¬ 
nism at high acidity (59AK507; 61MI3), but no evidence to support this 
exists. Indeed, exchange in trifluoromethanesulfonic acid, the strongest 
acid (by many orders of magnitude) ever used for hydrogen exchange, 
showed that the selectivity of the reaction is changed little (73CC836); 
this rules out mechanisms involving either fast, or rate-determining, for¬ 
mation of ir-complexes. 

If transition-state structure varies with the nature of the catalyzing 
acid, it is a corollary that a similar variation should also be obtained for 
reaction of a given acid with a range of aromatics having different reactiv¬ 
ities [65MI 1(298)]. A considerable amount of work has therefore been de¬ 
voted to determining the extent to which the proton transfer from the 
catalyzing acid to the aromatic carbon atom has taken place, using either 
measurement of Bronsted coefficients or of isotope effects. The Bronsted 
coefficient a is the slope of a plot of the logarithm of the exchange rate 
coefficients for a given aromatic against the p K. d value of the acid for a 
range of catalyzing acids. The Bronsted coefficient (3 is the slope of the 
plot of log k values for a range of aromatics against the p K a value for 
protonation of the aromatic under consideration, in reaction with a given 
acid. Since both a and |3 will be 0 when no transfer has taken place, and 
1.0 when transfer is complete (as in the Wheland intermediate), then reac¬ 
tion by the A-S E 2 mechanism should give values between 0 and 1. Experi¬ 
mental results appear to both confirm and contradict these expectations. 
For example, Thomas and Long obtained values of a of 0.61, 0.67, and 
0.68 for detritiation of [l- 3 H]azulene by anilinium ions, carboxylic acids, 
and dicarboxylic acid monoanions, respectively (64JA4770); that is, a in¬ 
creases as the catalyzing acid becomes weaker, corresponding to a later 
transition state. Furthermore, a smaller value (0.54) was obtained for de¬ 
tritiation of the more reactive [3- 3 H]guaiazulene, corresponding to the ex¬ 
pected earlier transition state. Detritiation of 1,3,5-trimethoxybenzene 
also gave a values that depended on acid strength (59JA5509; 61JA2877; 
70JA6309). 

Challis and Miller suggested that Bronsted coefficients may not prop- 
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erly represent the transition-state structure. Whereas [3- 3 H]-indole gave 
P values of 0.67 and 0.75 for detritiation by hydroxonium ion and acetic 
acid, respectively, detritiation of [3- 3 H]-2-methylindole gave a values that 
were appreciably lower, ranging from 0.46 to 0.58 [63JA2524; 
72JCS(P2)1618], One should not expect completely identical a and p val¬ 
ues for reaction of a given aromatic, since reactions with a range of acids 
should give a spectrum of transition states. Thus, the observed a value 
will represent only the average transition-state structure. The logical con¬ 
clusion is that a plot of log exchange rate versus p K d of the catalyzing 
acids should be a curve, and similar arguments apply to the p values. 

Although earlier work on isotope effects appeared to give a good indi¬ 
cation of the structure of the transition state, later work has cast some 
doubt upon this. Because of the symmetrical nature of the hydrogen-ex¬ 
change pathway, mutual compensation of trends results in small overall 
kinetic isotope effects. The isotope effects for the individual steps of pro¬ 
tonation and deprotonation can also be measured and, as expected, these 
are larger than the overall effect. Comparison of the effects for the second 
(deprotonation) step of the reaction obtained with aromatics covering a 
10 13 -fold reactivity range showed a substantial (—threefold) variation, 
with evidence of a maximum that also coincided with zero difference in 
p K between the aromatic and the catalyzing acid (56JCS2743; 65MI2; 
67JA1292). This maximum corresponds to the situation whereby the pro¬ 
ton is half-transferred in the transition state (i.e., a = 0.5). However, 
Challis and Miller proposed that this apparent agreement is fortuitous and 
that the difference in isotope effects arises from proton tunneling, since 
in a series of indoles (though covering a much smaller reactivity range) 
little variation in isotope effect with reactivity was observed 
[72JCS(P2) 1618]. This interpretation may be incorrect, and in Chapter 8 
(Section 2.1.a) an alternative explanation of these results is given. 

Significant variations in solvent isotope effects are also found in hydro¬ 
gen exchange and k HX /k DX can be greater [60JCS2461; 64JCS4284; 
67JCS(B)445; 70JA6309] or less [64JCS4284; 66JCS(B)613] than 1.0, de¬ 
pending upon the strength of the catalyzing acid and the reactivity of the 
aromatic. 


B. Exchange Conditions 

Various media have been used for exchange, ranging in acidity from 
aqueous solutions of ammonium ions (64JA4770) to trifluoromethanesul- 
fonic acid (73CC836) and encompassing a 10 28 -fold reactivity range. How¬ 
ever, the majority of studies has involved two main conditions, as dis¬ 
cussed in Sections l.B.a and b. 
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a. Aqueous Mineral Acids 

A variety of these has been used, but sulfuric acid has been generally 
preferred, largely because of availability and purity, and because many 
acidity function data are recorded. Nevertheless, there are two main dis¬ 
advantages. The first is that sulfonation accompanies exchange, and be¬ 
comes increasingly severe with increasing acidity since the rate of sulfo¬ 
nation increases more rapidly with increasing acidity than does the rate 
of hydrogen exchange (60JCS3301). It is therefore sometimes necessary 
to correct for sulfonation; this can be done quite easily using an ultravio¬ 
let (UV) spectroscopic method (60JCS1480). This problem can be avoided 
by using perchloric acid, which is of comparable acidity, but which is 
unfortunately hazardous especially in concentrations above 72 wt%. 

The second disadvantage is that sulfuric acid is a poor solvent for many 
aromatics, with the solubility limit often reached well before solutions 
appear nonhomogeneous to the naked eye. Only very small amounts of 
aromatic can therefore be used, and to be valid, kinetics must be carried 
out using vessels only marginally larger than that needed to accommodate 
the sample. If this is not done, a substantial fraction of the aromatic occu¬ 
pies the vapor space above the sample, and exchange can occur between 
the two phases leading to non-first-order kinetics and anomalously low 
rate coefficients (60JCS330I). Fortunately, these problems arising from 
poor solubility do not occur with N-containing heterocycles, which, be¬ 
cause they are either hydrogen bonded or protonated, usually dissolve 
readily in sulfuric acid. Consequently, many exchange data for nitrogen 
heterocycles have been determined in sulfuric acid, the data being extrap¬ 
olated to pD = 0, and 100°C as a standard condition, as described below. 

The solubility of aromatics in sulfuric acid can be significantly im¬ 
proved by using a cosolvent, preferably an organic acid since this is 
completely removed in the work-up procedure. Acetic acid is the best 
cosolvent (60JCS3301), and trifluoroacetic acid has also been used 
[74JCS(P2)394]. 

b. Organic Acids 

Trifluoroacetic acid is far superior to all others because it is both a 
reasonably good solvent and sufficiently acidic that the exchange rates of 
a very wide range of aromatics can be measured at accessible tempera¬ 
ture. The exchange (detritiation) rates at 70°C (which involves minimal or 
no extrapolations) constitute the largest body of rate data for any electro¬ 
philic aromatic substitution (over 350 rate coefficients being available) 
and this is the standard condition for exchange in all non-N-containing 
heterocycles. 
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The acidity of trifluoroacetic acid is raised dramatically by the addition 
of traces of mineral acids (the rate increases becoming progressively 
smaller for each subsequent addition of a constant amount of acid). It is 
therefore necessary to very carefully purify and standardize each batch 
of trifluoroacetic acid used. The enhanced acidity attained by mineral acid 
addition means that lower temperatures were used in earlier work (e.g., 
61JCS2388), and, more importantly, very unreactive aromatics may be 
examined by this technique Trifluoromethanesulfonic acid is now the ad¬ 
ditive of choice because little is required and side reactions (cf. sulfona- 
tion with sulfuric acid, oxidation with perchloric acid) are apparently ab¬ 
sent. Acetic acid is also used to lower the acidity of trifluoroacetic acid 
(for studying very reactive compounds); this technique has also been used 
to demonstrate that sulfur-containing heterocycles (and no doubt many 
others) are hydrogen bonded in trifluoroacetic acid (and probably in all 
strongly acidic media), this bonding producing a substantial reduction in 
reactivity. 


C. Steric Effects 

As already mentioned, acid-catalyzed hydrogen exchange is entirely 
free of steric hindrance except in the most extreme cases (i.e., those aro¬ 
matic positions that are virtually completely unreactive in all other elec¬ 
trophilic substitutions). Thus, the central ring positions of 1,3,5-triphenyl- 
benzene are moderately hindered [72JCS(P2)766], and rather less 
exchange than expected is found ortho to the extremely bulky triphenyl- 
methyl (73CC936), as well as to the 3-pentyl and 3-hexyl, substituents 
[76JCS(P2)559], The general absence of steric hindrance makes the reac¬ 
tion ideal for testing theoretical calculations of aromatic reactivity; it is 
the only reaction producing truly meaningful data in this respect. 

D. Hydrogen Exchange in Heteroaromatics 

Two problems may be encountered here depending upon whether N- 
containing heterocycles (which may react as protonated and hydrogen- 
bonded species) or other heterocycles (hydrogen-bonding only) are 
considered. 

For the latter, rate data have been obtained in trifluoroacetic acid-ace¬ 
tic acid media, and the rate versus acidity profiles have been compared to 
those for compounds (e.g., alkylbenzenes) which do not hydrogen bond 
significantly. Exchange rates of O- and S-heterocycles relative to alkyl¬ 
benzenes become progressively smaller ongoing to more acidic media (i.e., 
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those containing more trifluoroacetic acid), as the heterocycle becomes 
increasingly deactivated by hydrogen bonding. (This is not a selectivity 
effect because this variation is absent in other compounds which cannot 
hydrogen bond.) From the rate profiles it is easy to calculate the ex¬ 
change-rate coefficient that would apply in trifluoroacetic acid at 70°C if 
hydrogen bonding were absent. Thus far mainly five-membered sulfur- 
containing heterocycles have been examined and these show clearly that 
the sulfur atom is hydrogen bonded, since the rate reduction is directly 
proportional to the number of sulfur atoms in the molecules; thiaazepines 
are also hydrogen bonded, almost certainly at nitrogen. 

For nitrogen-containing heterocycles, for which protonation is the ma¬ 
jor complication, the procedure required to obtain standardized reaction 
rates is more complex. The technique employed is described in detail in 
Section l.F, but in general the slopes of the profiles (log rate vs. acidity 
function) are examined using aqueous sulfuric acid as the exchange me¬ 
dium. If exchange takes place on the conjugate acid of the base, then the 
exchange rate coefficient will increase regularly with increasing acidity. 
If, however, exchange occurs on the free base at acidities where the free 
base is a minority species, then on going to stronger acid the concentra¬ 
tion of the free base decreases and roughly compensates for the increase 
in exchange rate which would otherwise occur. The overall result is thus 
an exchange-rate coefficient that is approximately invariant with acidity. 
Different substrates of the same general type will respond differently to 
changes in acid concentration. Thus a heterocycle containing a strongly 
electron-supplying substituent will protonate more readily than one with¬ 
out, and the equilibrium concentration of the free base will be lower, 
hence it is more likely to undergo hydrogen exchange via conjugate acid 
than will a heterocycle containing an electron-withdrawing substituent. 
In addition, the activation energy for reaction of a conjugate acid contain¬ 
ing an electron-supplying substituent could be sufficiently low for reac¬ 
tion to be able to take place under moderate conditions, whereas electron- 
withdrawing substituents will raise the activation energy to the extent that 
reaction could preferentially take place on the small quantity of free base. 
From the rate-acidity profiles and rate-temperature profiles, the rate co¬ 
efficients for exchange at 100°C and pD = 0 can be calculated. 


E. Experimental Techniques 

Of the six possible hydrogen-exchange reactions, the two most widely 
used are deuteriodeprotonation (deuteriation) and protiodetritiation (de- 
tritiation). Nowadays deuterium contents are determined by NMR, 
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whereas tritium contents are determined by scintillation counting, which 
by virtue of its extreme sensitivity is the most accurate method; tritium 
contents have also been determined by NMR, but this requires high and 
potentially hazardous tritium activities. 

Both deuteriation and detritiation have their advantages and disadvan¬ 
tages. The high sensitivity of scintillation counting permits the use of low 
concentrations of substrate (which renders unnecessary corrections for 
activity, acidity, and especially back-reaction), and facilitates examina¬ 
tion of both sparingly soluble substrates and those which are novel to the 
extent that only very small quantities are currently available. The high 
sensitivity also means that a small proportion of a given reaction can be 
followed accurately. On the other hand, some aromatics are good quench¬ 
ing agents so that relatively high specific activities must be used to pro¬ 
vide adequate light output, and the necessary synthesis of the specifically 
labeled tritium compounds often requires a considerable amount of rigor¬ 
ous synthetic work. Deuteriation is simpler but much less accurate, and 
requires unambiguous assignment of peaks to ring positions, which may 
be impossible for complex molecules; furthermore, peaks must be 
noncoincident. 

a. Deuteriation 

Deuteriation is particularly applicable to heterocycles which have high 
solubility in D 2 S0 4 [67JCS(B)1219; 71JCS(B)2363]. The method merely 
involves dissolving a weighed amount (—40-80 mg) of substrate in about 
0.5 ml of deuteriosulfuric acid of known concentration and heating the 
solution at the appropriate temperature. The reaction is generally carried 
out directly in a sealed NMR tube, the extent of reaction being easily 
evaluated by integrating the signal from the exchanging aromatic proton 
against a standard peak. For the latter the signal of any nonexchanging 
proton(s) present in the spectrum of the substrate may be used, provided 
the relevant peak is sufficiently resolved. Otherwise, —15 mg of tetra- 
methylammonium sulfate (prepared from tetramethylammonium halide 
and silver sulfate, and stored over P 2 0 5 ) can be used as external standard. 
The tube is heated for known times in a thermostatically controlled bath, 
removed at intervals, cooled rapidly in an ice bath, and the NMR spec¬ 
trum obtained. The averages of a —5-10 integrals being used. At least six 
successive readings are used in each run, and ln(R„/R,) (where R 0 and R, 
are the integrals for the initial and subsequent measurements, respec¬ 
tively) is plotted against t to give a pseudo-first-order plot. For accurate 
and meaningful work, it is necessary to correct for the relative molar 
quantities of exchangeable hydrogen in the aromatic and the acid 
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(61JCS247). Thus reaction of 0.5 ml of sulfuric acid with 80 mg of a het¬ 
erocycle (molecular weight 100) containing five hydrogens that can ex¬ 
change in the same amount of time as the hydrogen at the position under 
investigation will give at equilibrium —20% of available deuterium in the 
aromatic, and 80% in the acid. The uncorrected pseudo-first-order kinetic 
plots will therefore be badly curved. With the advent of Fourier transform 
NMR (FT-NMR) this problem can be reduced by using lower concentra¬ 
tions of aromatic. 

Early studies of deuteriation (and protiodedeuteriation), used infrared 
(IR) (which is less convenient) to measure changes in the intensity of the 
C—H stretching frequencies. This technique was used to study the kinet¬ 
ics of N—H exchange in azoles [75JCS(P2)1316], the decrease in the first 
overtone band of the N—H stretching mode at 1.48 p.m being followed. 

b. Detritiation 

The very limited solubility of some substrates in aqueous sulfuric acid 
media precludes the use of deuterium-protium exchange with kinetics fol¬ 
lowed by the NMR method. In these cases it is more convenient to use 
tritium-protium exchange, which can be studied with a much smaller sub¬ 
strate concentration. This is particularly appropriate for the less soluble 
benzenoid compounds (60JCS3301; 61JCS247; 61JCS4927). The labeled 
substrates are usually prepared from the bromo compounds by formation 
of the Grignard (or lithium) reagent, and hydrolysis of this with tritiated 
water (60JCS3301; 75TL435). Protiodetritiation has also been the reaction 
of choice for determination, with high accuracy, of rates of exchange in 
trifluoroacetic acid at 70°C; —350 partial rate factors are available under 
this condition. 

The technique (60JCS3301) involves adding sulfuric acid (260 ml) of the 
required concentration to a weighed amount of tritiated substrate (—25 
mg). The mixture is then shaken vigorously for 10 min in a tightly stop¬ 
pered long-necked conical flask (300 ml) to allow complete dissolution. In 
some cases, mixtures of acetic acid and sulfuric acid have been used in 
this method (61JCS247) and trifluoroacetic acid has also been employed 
to dissolve the aromatic before adding the sulfuric acid. [The current 
availability of tritiated water of high specific activity (5 Ci ml'') means 
that smaller quantities of aromatic can now be used.] Equal volumes of 
the solution (50 ml) are pipetted into ampoules of volume >-53 ml, which 
are sealed with teflon-sleeved quickfit joints and placed in a thermostatted 
bath. For runs at temperatures >40°C, permanently sealed ampoules 
must be used, but in each case the ampoule, at the temperature of the 
bath, must contain a vapor space of not more than —5% of the volume of 
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the acid. If this is not done, the aromatic can exchange between liquid 
and vapor phases, and first-order kinetics are unobtainable (60JCS3301); 
the problem is most severe with weaker sulfuric acid media, which are 
poorer solvents for aromatics. Ampoules are removed at appropriate time 
intervals and the contents either poured into, or the ampoule broken in, 
150 ml of ice/water (necessary to prevent localized heating with conse¬ 
quent rapid exchange) under a 20-ml layer of scintillator solution (which 
prevents any escape of the aromatic). If the ampoule-breaking technique 
is used, the ampoule must first be washed; water is adequate if, as is 
currently customary, polyethylene glycol is used for the heating bath me¬ 
dium. The water-scintillator mixture is shaken mechanically for 2 min 
(longer times are given in earlier papers, but this is, in fact, unnecessary), 
and the organic layer separated and washed with 10% sodium hydroxide 
(50 ml), followed by water (50 ml). Portions (10 ml) of the dried (Na 2 S0 4 ) 
scintillator solution are counted in the usual way. If the extracts are 
counted as they are obtained, then correction for the half-life of tritium 
is necessary for very slow runs. However this general procedure is not 
recommended because of the long-term drift in scintillator counter effi¬ 
ciency, so that counts for a given run should, if possible, be obtained 
on a single day. This necessitates keeping the extracts in totally sealed 
containers, and in the dark (to prevent scintillator degradation), counting 
being delayed until the run is complete. For runs in trifluoroacetic acid, 
1-ml samples are used in each ampoule, the size of which is not critical 
because of the much greater solubility of the aromatic in this acid. For 
these runs, ampoules are broken under 100 ml of 3% sodium hydroxide 
solution, and a single washing of the scintillator solution with 100 ml of 
distilled water is sufficient. 

For runs carried out with >70 wt% sulfuric acid, it is necessary to cor¬ 
rect for sulfonation, which becomes increasingly severe the stronger the 
acid (60JCS3301). The extent of sulfonation can be determined by using 
a procedure similar to that given above, except that extraction (in a com¬ 
pletely grease-free apparatus) is carried out with spectroscopic hexane 
or heptane, and the UV spectrum recorded. Sulfonation produces water- 
soluble sulfonic acids, which are removed during the extraction process, 
and the residual concentration of aromatic decreases in successive ex¬ 
tracts according to a first-order law. In runs where darkening is observed, 
exchange rates will appear anomalously high if a quench-correcting scin¬ 
tillation counter is not available. The problem can be overcome by ex¬ 
tracting with 10 ml of the aromatic used in the run, and distilling the dried 
extract. Scintillator (10 ml) is then added to a known weight (which must 
be the same for each sample) of the distilled extract; the efficiency of 
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counting will be reduced through dilution of the phosphor, but this reduc¬ 
tion will be the same for each sample. 

F. Criteria for Defining the Reacting Species 

a. Species Variation 

Exchange may occur on several species, especially among nitrogen- 
containing heterocycles. Species variation of the following types must be 
considered. 

(1) Different charge types in rapid equilibrium. There may just be two, 
(e.g., pyridine/pyridinium cation), but there may also be more than two 
(e.g., 2,6-diaminopyridine/monocation/dication). 

(2) Different tautomeric species (e.g., 6-chloro-2-pyridone/6-chloro-2- 
hydroxypyridine). 

(3) Covalent hydration can be important (e.g., in certain pyrimidines 
exchange can occur via covalently hydrated species). 

(4) Complications (l)-(3) can occur simultaneously. 

(5) Base-catalyzed hydrogen exchange (e.g., in pyridinium cation, can 
occur in zwitterions or ylids). 

Quite generally, exchange via different charge types [i.e., (1) and (5)] 
is distinguished by examination of rate profiles. Comparison with fixed 
models is needed, however, to distinguish between species of the same 
charge type [(2) or (3)], and this method can also be used to help distin¬ 
guish different charge types. 

b. Use of Model Compounds 

The more direct method is to compare the rate with that for a model 
compound, one in which the change of species type under consideration 
is no longer possible. Thus, for exchange in 4-pyridone, 4-methoxypyri- 
dine serves as a model for two of the species (4-hydroxypyridine tautomer 
and the 4-hydroxypyridinium cation), l-methyl-4-pyridone serves also for 
two of the species (4-pyridone itself and 4-hydroxypyridinium cation), 
whereas l-methyl-4-methoxypyridinium cation serves as a model just for 
the cation (see Scheme 2.2, Section l.F.e.iii). 

c. Consideration of Rate Profiles 

The appreciable basicity of many heteroaromatic compounds compli¬ 
cates the dependence of the rates for hydrogen exchange on the acidity. 
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compared to that for nonbasic aromatics. The relative concentrations of 
the free base and the corresponding conjugate acid will depend on both 
the acid concentration and the p/C a of the base. Obviously, the electro¬ 
philic proton will react more slowly with the positively charged conjugate 
acid than with the free base. On the other hand, if the relative concentra¬ 
tion of the conjugate acid is much larger than that of the free base, then 
the amount of exchange preceding via the conjugate acid species may 
nevertheless be greater. 

This point is illustrated in Fig. 2.1. At pH values above the p/C a for the 
heteroaromatic substrate, the free base is the majority species, and as the 
acidity is increased within this region, so the exchange rate will increase. 
At acidities greater than the p K a , the rate will become essentially invari¬ 
ant with increasing acidity because two factors act in opposition: as the 
acidity, and therefore the reactivity of the electrophile, is increased, the 
amount of substrate present as free base decreases. To a first approxima¬ 
tion (the reasoning holds quantitatively only when the substrate is a true 
Hammett base) these two factors cancel each other, and the rate profile 
becomes horizontal. However, when an acidity is reached at which the 
concentration of the free base has become so small that despite its higher 
reactivity exchange proceeds almost entirely via the conjugate acid, then 
the rate profile shows again a unit slope. 


Exchange on 
second conjugate 



Fig. 2.1. Plot of log rate of hydrogen exchange vs. pH. 
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d. Other Criteria 

Several other criteria are available to decide what species is reacting 
[67AG(E)608]. 

The entropy of activation should be substantially greater for reactions 
between two singly charged species of the same sign, than for reaction 
between a neutral species and one with a single charge. However, studies 
indicate that most of the variation in thermodynamic parameters appears 
to occur in the entropy term [73JCS(P2)1065], thus raising doubts on the 
usefulness of this approach, since the limiting value cannot be clearly 
defined. 

The encounter rate criterion is applicable in those cases where the con¬ 
centration of a free base in a strongly acid solution is so low that even if 
every molecular collision resulted in reaction, the calculated reaction rate 
would be lower than that measured. This limiting rate, the encounter rate, 
is given by Eq. (2.1), where -q is the viscosity of the medium, k is Boltz¬ 
mann’s constant, N is Avogadro’s number, and r A and r B are the radii of 
the ions. 

The relationship between activation energies and the expected effects 
of substituents has also been examined (63JA329). Lack of correlation 
indicates reaction on the conjugate acid, so that the activation energy 
includes the enthalpy of dissolution and the activation enthalpy of ex¬ 
change. Appropriate correction for the former then leads to satisfactory 
Hammett plots. 


e. Examples of Rate Profiles 

i. Exchange in Carbocyclic Aromatics. With a single reacting 
species, exchange in carbocyclic aromatics represents the simplest case. 
They give plots of log rate versus - H 0 that are curves, concave upwards, 
which may be approximated to straight lines. The slopes of these increase 
with decreasing reactivity of the substrate, and with decreasing tempera¬ 
ture. Some recorded slopes are 2.2 (benzene, 60JCS3301) and 1.5 (para 
position of toluene, 60JCS3301) for detritiation; and 1.22 (55°C) to 1.55 
(15°C), and 1.42 (55°C) to 1.68 (15°C) for the 1-and 2-positions of naphtha¬ 
lene, respectively, for dedeuteration (73JA3918); Figure 2.2 shows some 
data that have been obtained for detritiation of [l- 3 H]naphthalene, with 
an average slope of —1.2 [74JCS(P2)394]. 
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Fig. 2.2. Plots of log rate of hydrogen exchange vs. -H„ for [1- 3 H] naphthalene. A, 25°C; 
B, 35°C; C, 45°C; D, 55°C. 


ii. Exchange via Both Base and Conjugate Acid. Figure 2.3 
shows the idealized plot that would be obtained if reaction involves only 
these two species. 

iii. Exchange on Bases with More than One Protonation 
Site. Heteroaromatic compounds may have several basic centers, and 
if this is the case then the rate profile can be more complicated, as illus¬ 
trated in Fig. 2.4 [67JCS(B)1219]. As in Fig. 2.3, the unit and zero slopes 
are idealized, and in practice the factors of decreasing free base concen¬ 
tration and increasing rate do not exactly cancel, so that fractional slopes 
are obtained. 

Figure 2.5 shows the more complicated rate profile for deuteriation of 
4-aminopyridine at 107°C [67JCS(B)1219]. Below an H 0 value of about 
-6, exchange occurs on the first conjugate acid (ring nitrogen proton- 
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reaction of 
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— pH 0 -H 0 — 

-- increasing acidity 

Fig. 2.3. Idealized plot of log rate of hydrogen exchange vs. -H 0 expected if exchange 
occurred only on the base and conjugate acid. 

ation), which is the majority species. At higher acidity the majority spe¬ 
cies becomes the second conjugate acid (the second pA a of 4-amino- 
pyridine is -6.3), but exchange still takes place on the first conjugate 
acid, now the minority species, leading therefore to a horizontal rate 
profile. 



exchange on 
second conjugate 



Fig. 2.4. Hydrogen exchange rate profile for heteroaromatic compound with multiple 
asic centers. 
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iv. Exchange on Free Base Only. 4-Pyridone exists as two 
neutral species (4-l//-pyridone and 4-hydroxypyridine) and can give rise 
to a cation and an anion (Scheme 2.2), on any of which exchange could 
occur. The experimentally observed rate profile is shown in Fig. 2.6 
[67JCS(B)1226]. Over an enormous acidity range of some fourteen H 0 
units, the exchange rate changes by only a very small amount. This shows 
that reaction takes place on a neutral species, because over all this range 



Scheme 2.2. Equilibria for 4-pyridone. 
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Fig. 2.6. Experimental hydrogen exchange rate profile for4-pyridone/4-hydroxypyridine. 

the majority species will be the conjugate acid. The neutral species can 
be identified as 4-l//-pyridone (2.4), because the measured rate is similar 
to that for l-methyl-4-pyridone whereas 4-methoxypyridine is unreactive 
under these conditions. 

v. Exchange on Anion, Free Base, and Conjugate 
Acid. Figure 2.7 shows the yet more complicated example of the deu- 
teriation of l-hydroxy-2,6-dimethyl-4-pyridone [68JCS(B)866], and here 
there are considerable variations in rate with acidity. An idealized repre¬ 
sentation of the experimental profile of Fig. 2.7 is given in Fig. 2.8, which 
shows the individual rates for exchange taking place on the anionic, neu¬ 
tral, and cationic forms of the compound. As the acidity increases, ex¬ 
change occurs successively via the anionic, neutral, and cationic species; 
the solid line in Fig. 2.8 corresponds to the portions of the rate profile 
observed, whereas the dotted lines are theoretical extrapolations. The 
neutral species which undergoes exchange is the 1-hydroxypyridone 
(shown in Fig. 2.8) rather than the alternative tautomeric 4-hydroxypyri- 
dine 1-oxide, since the rate profile for 4-methoxy-2,6-dimethylpyridine 
1-oxide given in Fig. 2.7 shows this to be very unreactive in the region 



pD -Ho 

Fig. 2.7. Experimental hydrogen exchange rate profile for deuteriation of l-hydroxy-2,6- 
dimethyl-4-pyridone. 
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Fig. 2.8. Idealized hydrogen exchange rate profile for deuteriation of l-hydroxy-2,6-di- 
methyl-4-pyridone. 

where the neutral species is the principal reactant. The rate profiles for 
the anionic and neutral species cross below the proton-addition pK :i 
value, because of the relatively small difference between the p K a values 
for the proton addition and proton loss. Consequently the observed rate 
actually decreases with increasing acidity in this part of the rate profile. 
In general, a negative unit slope indicates a reaction proceeding on a small 
amount of a minority species. 

vi. Profiles Showing a Base-Catalyzed Component. Figure 
2.9 shows the experimental rate profiles for deuteriation of 3,5-dimethyl- 
pyridine 1-oxide at the 2- and 4-positions [67JCS(B)1222], For the 4-posi- 
tion, the rate profile shows very little change with acidity and this may 
confidently be attributed to a mechanism involving the free base species, 
where the majority species is a conjugate acid. For the 2-position this also 
applies at acidities greater than H 0 = -2. However, at weaker acidity a 
very pronounced increase in the rate is found, due to a change to a base- 
catalyzed exchange mechanism (Scheme 2.3) (see also Section 2). Base- 
catalyzed exchange is strongly accelerated by -/ effects, and so is 
favored here by the very strong electron withdrawal by the adjacent 
positive pole. 

The same base-catalyzed mechanism accounts for the profile obtained 
in deuteriation of the 2-position of quinoline (Fig. 2.10), with the reaction 
occurring on the cation [71JCS(B)4]. This mechanism is found at an ex- 
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Scheme 2.4. Hydrogen exchange of pyridazine derivatives. 


ceptionally high acidity here, and this may be attributed to the high 1,2- 
bond order in quinoline, which strongly facilitates transmission of elec¬ 
tronic effects (and thus the electron withdrawal by the positive pole) 
across the 1,2-bond. Likewise 4-pyridazinone undergoes acid-catalyzed 
exchange at the 5-position, whereas the protonated species and proton- 
ated 4-aminopyridazine undergo base-catalyzed exchange at the 3- and 
6-positions [68JCS(B)873], because of the combined effects of the ring 
nitrogens, one of which is protonated (Scheme 2.4). 

vii. Exchange on a Covalent Hydrate. Figure 2.11 shows the 
experimental rate profile for 2-pyrimidinone. This looks perfectly reason¬ 
able for reaction as the free base, except that the rate coefficient thus 
calculated for 2-pyrimidinone would be 10 4 times greater than that calcu¬ 
lated for 2-pyridone [68JCS(B)1484]. Replacement of CH by N cannot 
produce rate enhancement for a normal electrophilic substitution, so the 
reaction is believed to occur via a small equilibrium proportion of a cova¬ 
lently hydrated species in equilibrium with 2-pyrimidone, as shown in 
Scheme 2.5. In the hydrated species with interrupted conjugation, ex¬ 
change effectively takes place on a much more reactive aminoalkene. Co- 



Fig. 2.11. Experimental hydrogen exchange rate profile for 2-pyrimidinone. 
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Scheme 2.5. Exchange of 2-pyrimidinone via covalent hydration. 


valent hydration of heterocycles, discovered by Albert et a!., is well 
known for polyazaheteroaromatics [65AHC(4)1, 65AHC(4)43], but the 
above indicates that small quantities of covalent hydrates can be kinetic- 
ally significant intermediates. They have been postulated as being in¬ 
volved in exchange at the 3-position of quinoline (Fig. 2.10), and at the 
5-position of 3-pyridazinone (Scheme 2.4). 

Another possible means for distinguishing between the normal mecha¬ 
nism and formation of covalent hydrates when a shallow rate profile is 
obtained is comparison of the curve with the trend of log a w in the same 
acidity region. If covalent hydration is involved in the slow step, the two 
curves should parallel each other closely (70CC1024). 

General equations for the kinetics of acid-catalyzed hydrogen exchange 
of bases have been derived [68JCS(B)1484], 

G. Standard Conditions: Choice and Procedure 

a. Acid-Catalyzed Hydrogen Exchange as a Quantitative 
Measure of Reactivity 

Acid-catalyzed hydrogen exchange has important advantages as a 
quantitative measure of heteroaromatic reativity. 

(1) Deuteriation and detritiation are complementary techniques. 

(2) Rates may be measured over very wide acidity and temperature 
ranges. 

(3) Steric hindrance is absent. 

(4) Aqueous acids may be used in which the acidity function behavior 
is much better understood than for any other solvent. 
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(5) By choosing the appropriate acidity and temperature range, a very 
large range of heteroaromatic compounds of widely differing reactivity 
can be made to undergo acid-catalyzed exchange. 

The mechanism of heteroaromatic hydrogen exchange can therefore be 
determined for a wide variety of substrates in the manner described in 
the previous sections; in particular, the nature of the species undergoing 
reaction may be elucidated. The next stage is to compare rates, and this 
can be done provided all the kinetic data can be extrapolated to the same 
standard conditions of acidity and temperature. These relative rates will, 
however, as in the case of electrophilic substitution of all heterocycles in 
solution (especially Tr-deficient heterocycles in protic solvents), be sub¬ 
ject to the modifying effect of hydrogen bonding, correction for which 
has so far been applied in only a relatively few cases. 


b. Justification for Selecting Standard Conditions 

For detritiation the standard conditions are trifluoroacetic acid at 70°C. 
This acid is virtually the strongest organic acid, readily available, reason¬ 
ably inexpensive, and easily purified; the acidity can be altered in both 
directions by the addition of other acids and the solvent property in¬ 
creased by addition of small quantities of carbon tetrachloride or chloro¬ 
form. The effects of these modifications can be monitored easily with 
standard compounds, since there are more rate data available for detritia¬ 
tion than for any other electrophilic aromatic substitution. The tempera¬ 
ture of 70°C was chosen for both practical advantages (the pressure in 
sealed ampoules is not too high) and because the exchange rates of a 
wide range of aromatics (including benzene itself) can then be measured 
directly. This condition has been used exclusively for determining the 
reactivities of ir-excessive heterocycles. 

For deuteriation the standard conditions (exchange in sulfuric acid) 
were chosen as pH = 0 and 100°C for the following reasons [67JCS 
(B)1226; 68JCS(B)866]. 

(1) Acidity: Measuring rate coefficients at pH = 0 is the best available 
means of converting pseudo-first-order rate coefficients into second-order 
rate coefficients (Q defined by Eq. (2.2), since the value of [H + ] is 1 mol 
liter -1 . Moreover, all the acidity functions merge near pH = 0. 

Rate = k°[substrate][H + ] (2.2) 

(2) Temperature: 100°C was chosen to minimize extrapolations, as 
most rates have been measured within the range 20-180°C. 
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c. Procedure for Determining Standard Rates for 
Deuteriation 

The procedure for determining (100°C) at pH = 0 is complex and 
requires the following steps [73JCS(P2)1065]. 

(1) The value of the acidity function at T (°C), the effect of dissolved 
substrate on this value, and the effect of using D 2 S0 4 instead of H 2 S0 4 
must be determined. 

(2) The rate versus acidity profile must be constructed and extrapo¬ 
lated to pH = 0. 

(3) The variation of rate with temperature must be measured. 

(4) Correction must be made for the concentration of minority species, 
assumptions being required regarding protonation behavior of substrate 
pK a with temperature. 

(5) Correction for isotope effects when comparing exchange rates in¬ 
volving different hydrogen isotopes. 

Each of these steps is discussed in detail in Sections l.G.c.i-v. 

i. Determination of k, (stoich) at a Particular Acidity and 
Temperature ( step /). This requires the following steps. 

(1) Standardization of the acid by normal titration. 

(2) Corrections to the acidity to allow for protonation of the substrate; 
these corrections can be substantial, i.e., 5 wt% or more. If y g of a sub¬ 
strate S of equivalent weight E are taken in z g of acid of w wt%, then the 
new wt% of acid is given by (Ewz - 10008 y)l(Ez - 100.08y) for D 2 S0 4 , 
or (Ewz - 9808y)/(£z - 98.08y) for H 2 S0 4 [73JCS(P2)1675; 74JCS(P2) 
399]. Use of figures reported in [73JCS(P2)1065] (i.e., 5004 for D 2 S0 4 and 
4904 for H 2 S0 4 ) applies only to acidities of pH > 0, whereas at H 0 < 0 
sulfuric acid should be treated as a monobasic acid. 

(3) The acidity function for solutions of D 2 S0 4 has to be determined. 
Wyatt elucidated the effect of using D 2 S0 4 instead of H 2 S0 4 and showed 
that K a for BH + in H 2 S0 4 -H 2 0 is about twice as great as that for BD + in 
D 2 S0 4 -D 2 0 [JCS(B)1570]. His values for D 0 against wt% D 2 S0 4 at 25°C 
are slightly more negative than H 0 (up to 92 wt% acid), but most (if not 
all) of the difference can be accounted for by the difference in molecular 
weights. Hence this graph may be used to obtain values of H 0 . 

(4) The acidity function is temperature corrected. H 0 has been mea¬ 
sured in the temperature range 25-90°C and from these data it was de¬ 
duced that the variation of acidity with temperature for a given concentra¬ 
tion of sulfuric acid is given by Eq. (2.3), where K is the proportionality 
coefficient for the variation of the acidity function with temperature. For 
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each acidity there is a particular K value, these being obtained from plots 
of H 0 values against the corresponding 1 IT values for a given acidity; in¬ 
termediate values of K can be obtained by interpolation from tabulated 
values (69JA6654). 

H 0 (T°C) = H 0 ( 25°C) + *(298.15 - 70/298.157 (2.3) 

(5) Corrections for salt effects. In general the kinetic salt effects on the 
exchange rates are rather larger than are the corresponding thermody¬ 
namic effects. However there appears to be considerable variation in this 
effect with substrate, and possibly with acidity, but not with temperature 
(75G539). Accordingly, no such correction is made, since the extrapo¬ 
lated log should not be in error through kinetic salt effects by more than 
0.3 log units. Thus, the effect of dissolved substrates on acidity functions 
can be serious (75JA760). 

ii. Determination of k, (stoich) T (°C) at pH = 0 (step 2). 
The determination of a rate coefficient at pH = 0 for a reaction which 
has been investigated only at higher acidities requires the construction 
and extrapolation of a rate profile. Acid-catalyzed hydrogen-exchange re¬ 
actions give plots of log rate versus H 0 , which may be approximated to 
straight lines. Extrapolation is then straightforward and introduces only 
relatively small errors; where alternative data are available, extrapolation 
is carried out independently on each data set. 

iii. Determination of k, (stoich) (100°C) at pH = 0 (step 3). 
Three methods are available for this, and that which is selected depends 
upon the data available. 

(1) The activation parameters at a given acidity may be determined. 
Because of the variation of acidity with temperature, activation parame¬ 
ters determined using solutions of the same wt% of sulfuric acid at differ¬ 
ent temperatures give only “apparent values”—indeed the Arrhenius 
plots will be curved, as has been found for exchange in trifluoroacetic acid 
[78JCS(P2)751]. Therefore, to find true activation parameters referring to 
a definite H 0 value, the most satisfactory procedure is to construct two 
or more rate profiles at different temperatures, and then to use interpo¬ 
lated rates which refer to the same H 0 value. The derived thermodynamic 
parameters were given the notation AH* and AS* [75JCS(P2)1600], and 
were preferred to E B and log A because of the sounder theoretical basis 
of the Eyring equation (51JA5628). 

(2) A less accurate variation of the above requires just a rate profile 
and an individual point at a different temperature (i.e., for a single wt% 
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sulfuric acid). From the rate coefficient of the individual run, and the in¬ 
terpolated value on the rate profile corresponding to the same H 0 value, 
the activation parameters are calculated by the Eyring equation. If more 
than one rate coefficent is available for a single wt% sulfuric acid, the 
following procedure is adopted: (a) the corrected H 0 values are calculated 
for the individual rates at the various temperatures, but constant wt% 
sulfuric acid; (b) an average H 0 (e.g., x is selected from those just deter¬ 
mined; (c) by making the approximation that the rate profile slope does 
not change with temperature, the rate coefficients at the H 0 values of x at 
the various temperatures are calculated; (d) the activation parameters at 
the H 0 value of x are calculated using these rate coefficients. 

(3) A standard enthalpy of activation has been used to simplify the pro¬ 
cedure in many cases where the available data consist of a rate profile at 
one temperature, together with rate coefficients at various temperatures 
for a single wt% sulfuric acid (Fig. 2.12). The relationships between acti¬ 
vation parameters at constant wt% acid and constant H 0 were deduced 
as Eqs. (2.4) and (2.5), where K is defined by Eq. (2.3); the differences 
in each set of thermodynamic parameters are of course small 
[75JCS(P2)1600; 77JHC893]. In Eqs. (2.4) and (2.5), and in the following 
equations of this section, m is the slope of log ([BH + ]/[B])/-//„ and de¬ 
pends on the acidity function followed (i.e., 1.0 for H 0 , ~0.65 for // A , 
~1.9 for H r , etc.). A standard temperature of 25°C was used. 

A H* - AH* = l.mRmK (2.4) 

AS* - AS* = l.mRmK'In (2.5) 

Provided that the rate versus acidity profile is not curved, a conse¬ 
quence of Eq. (2.4) is the nonvariance of AH* - AH* with acidity. Fur¬ 
thermore, if the rate versus acidity profiles at different temperatures are 
parallel, then AH* will be acidity invariant, and so too will AH*. This 
appeared to be the case for hydrogen exchange [73JCS(P2)1065] and also 
for nitration [75JCS(P2)1600] so that most of the variation in rate was 


'. individual measure S 



Fig. 2.12. 
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considered to derive from the entropy term. Consequently, for the hydro¬ 
gen exchange data, an average value of 30 kcal mol -1 was used for A H* 
for all compounds. 

However, other workers find that the variation in rate with acidity is 
smaller the higher the temperature, so that A H* is not constant 
(72TL2191; 73JA3918) and this is certainly true for detritiation in trifluo- 
roacetic acid [78JCS(P2)751]. Moreover, a variation in AH* with acidity 
would be expected as a consequence of the reactivity-selectivity princi¬ 
ple, and also by virtue of the fact that hydrogen exchange is not sterically 
hindered (i.e., AS*, rather than A H* should be constant). The foregoing 
assumption may not therefore be strictly correct, but it has been shown 
that an error in AH* as high as 10 kcal mol would lead to a relatively 
small error of 0.4 in log/(where/is the partial rate factor) when derived 
from an extrapolation of 40°C (72TL2191). 

iv. Determination of £ [100°C at pH = 0 (step 4)]. A num¬ 
ber of further corrections may be required in this determination [Eq. 
( 2 . 6 )]. 

Aj = A, (stoich) [stoich]/[minor species] (2.6) 

(1) Correction must be made for the minority species. For reactions 
that proceed on a majority species, A,(stoich) = Aj, but for reactions that 
proceed on a minority species (e.g., on a free base below the pK u value) 
a correction given by Eq. (2.6) must be made. As is evident from Fig. 
2.13, Aj > A,(stoich) for a base with pK a > 0, but Aj < A,(stoich) for bases 
with p#( a < 0. As all bases in the pH region show Hammett behavior, the 
correction in the first case is addition of pA a log units to A, (stoich). In 
the second case, the correction is nrpK a log units (the p K a value is now 
negative). 

(2) Correction must be made for the p K a of the deuterated solvent. 
Bases are stronger in deuterium-containing acidic media than in the analo¬ 
gous protium-containing one. For primary amine protonation in the pH 
range, A p K a is -0.55 units, and for weaker bases, -0.35 units (60JA15). 
A standard value of 0.4 was therefore used in all cases. 

(3) The pK a values used above must be corrected to 100°C. For the 
protonation of primary aromatic amines, Eqs. (2.7) and (2.8) apply 
(68AJC939; 70JA1567). Combining these equations gives Eq. (2.9), which 
can be used directly for correcting pK a values. 

R In K a = — AG 2 £/298.15 + A H 25 (T - 298.15 )IT (2.7) 

pA: a (25°C) = 0.88 A//„ - 1.97 (2.8) 

pA: a (100°C) = 0.83 ptf a (25°) - 0.33 (2.9) 
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From relationships analogous to Eq. (2.8) for protonation at the pyri¬ 
dine nitrogen atom, and at any oxygen atom, Eqs. (2.10) and (2.11), re¬ 
spectively, may be derived. Slightly different equations are used if the 
pA a value at 20°C is available [73JCS(P2)1065], 

pA a (100°C) = 0.82 pA a (25°C) + 0.09 (2.10) 

pX a (100°C) = 0.76 pA a (25°C) + 0.01 (2.11) 

v. Correction for Isotope Effects (step 5). Much of the hy¬ 
drogen-exchange data for heterocycles have been obtained using deuter- 
iation in D 2 S0 4 , whereas other rate data (and in particular those for ben¬ 
zene) have been measured using detritiation in H 2 S0 4 . For the direct 
comparison of rate coefficients it is necessary to consider the isotopic 
effects on the exchange rates [72MI2(199)]. Because the exchange path¬ 
way is not completely symmetrical, the value of the isotope effect varies 








34 


2. HYDROGEN EXCHANGE 


[Sec. l.G 


according to the reactivity of the substrate (since the position and hence 
the symmetry of the transition state will vary in consequence) and like¬ 
wise according to the strength of the exchanging acid. For the only case 
where the rate coefficients for deuteriation and protiodetritiation have 
been compared directly (for 1,3,5-trimethoxybenzene in aqueous perchlo¬ 
ric acid at 24.6°C), £(T-H)/A:(H-D) was 0.45 (62JA3976; 67JA44U). Evi¬ 
dence from protiodedeuteriation versus protiodetritiation indicates that 
the values will be larger the less reactive the aromatic substrate 
[72MI2(199)] and in the present work a value of 0.55 was used. 

d. Reliability ofk° 2 Values 

It is appropriate to estimate the error involved in such a complex proce¬ 
dure. The simplest empirical approach is to compare standard rate coef¬ 
ficients calculated for the same compound from different sets of data (at 
different temperatures or from different areas of the rate profiles). Most 
of the variation lies within 0.3 log units from the mean value, and it has 
therefore been assumed that the maximum error should be 0.35 log units 
[78JCS(P2)861], this being subject tojbe qualification noted above regard¬ 
ing the assumption of a constant A/7* value. 

Support for the reliability of the standard rate coefficients so defined is 
given by the results obtained by applying the standard procedures to the 
few data for exchange (of benzene derivatives) in mineral acids other than 
sulfuric acid: The extrapolated standard rate coefficients agree within a 
factor of 5 or better [73JCS(P2)1077]. 

e. Alternative Standard Conditions 

An alternative standard procedure has been developed, and this is 
aimed at producing standard rate coefficients for hydrogen exchange, un¬ 
der the same conditions as those selected for nitration (H 0 = -6.6, 
T = 25°C). These alternative standard rate coefficients, defined as k° 2 , are 
calculated as follows [78JCS(P2)613]. 

For substrates reacting as conjugate acids it is sufficient to extrapolate 
the linear arm of the rate profile to H 0 = -6.6, and subtract from log 
the value of 4.42, which is the logarithm of the rate difference between 
100 and 25°C for a reaction of A77* = 30 kcal mol -1 . (An error of ±5 kcal 
mol -1 in this will produce a maximum error of ±0.8 in this correction 
factor.) 

For reactions on the free base, the calculation is not as simple, since 
the p K a value should be taken at 25°C, and therefore cannot be directly 
derived from log which itself was derived using pK a values at 100°C. 
The procedure suggested required the following steps, starting from the 
value of log k t (stoich) (100°C) at pH = 0. 
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Fig. 2.14. Minority species hydrogen exchange rate correction for pK, < 0. 


(1) Acidity extrapolation [Eq. (2.12)]. 

log k, (stoich) + 6.6 d (log k)ld(-H 0 ) = A (2.12) 

(2) Temperature extrapolation [Eq. (2.13)]. 

A - 4.42 = B (2.13) 

(3) Minority species correction, using Eq. (2.14) for pA a < 0 and Eq. 
(2.15) for p K a > 0. 

log # = B + (p K a + 6.6 )m (2.14) 

log# = B + pA a + 6.6m (2.15) 

Figure 2.14 illustrates the minority species correction for the case 
where pA a < 0. 

2. Base-Catalyzed Exchange 

A. Mechanism 

Strong bases will remove sufficiently activated protons from aromatics 
in a rate-determining step [Eq. (2.16)]. This is followed by rapid abstrac¬ 
tion of a proton from the solvent [Eq. (2.17)]. The reaction pathway is 
symmetrical. 
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ArH* + MB ^ Ar“M + + BH* (2.16) 

ArM’ + BH === ArH + MB (2.17) 

except for isotopic differences, so that the slow and fast steps become, 
respectively, fast and slow in the reverse direction. The intermediate 
carbanion, zwitterion, or ylid has the electron pair in a cr orbital and these 
cannot therefore be directly involved in conjugation in the ring. It is there¬ 
fore stabilized largely by inductive electron withdrawal, so that exchange 
is particularly rapid adjacent to -I groups, such as positive poles. 

B. Exchange Conditions 

Studies of base-catalyzed exchange (which have been fewer than for 
acid-catalyzed exchange) have involved deuteriation, protiodedeuteria- 
tion, and protiodetritiation. Reagents have included potassamide in liquid 
ammonia, potassium /-butoxide in /-butanol, lithium and cesium cyclo- 
hexylamide in cyclohexylamine, and sodium methoxide in methanol 
[72MI2(266)]. Dedeuteriation is ~ 1.5-2.5 times faster than detritiation, 
and the methods for following these reactions are essentially those used 
in the acid-catalyzed exchange. In some cases, the reaction conditions 
are more rigorous (e.g., air must be excluded to prevent side reactions). 

C. Steric Effects 

Since the base must attack the ring hydrogens in the plane of the ring, 
but away from it, one would expect steric effects to be minimal, and cer¬ 
tainly no more than for acid-catalyzed exchange. This appears to be the 
case for attack by amide, but the bulkier cyclohexylamide shows evi¬ 
dence of some steric hindrance [72MI2(266)j. 



Scheme 2.6. Base-catalyzed exchange mechanism for pyridine involving free base and 
conjugate acid. 
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D. Hydrogen Exchange in Heteroaromatics 

The spread of rates in base-catalyzed exchange is smaller than under 
acid-catalyzed conditions, and this makes direct comparison of reactions 
easier, so that extrapolative techniques have not been necessary. 

Examples have already been noted in Section 1, where the mechanism 
for exchange of heterocycles changes from acid-catalyzed to base-cata¬ 
lyzed as the medium becomes neutral, then basic. There is also evidence 
that in some near neutral or weakly alkaline media two mechanisms can 
take place for neutral ir-deficient heterocycles (e.g., for pyridine, Scheme 
2.6) (67JA3358). The mechanism involving the conjugate acid (likely to be 
present in very low concentrations) is favored by the very strong electron 
withdrawal by the positive pole. The evidence for the dual mechanisms 
comes from a change in the relative exchange rates at the 2-, 3-, and 4- 
positions with changing basicity. A similar mechanism is believed to ac¬ 
count for exchange at the 2-position of quinoline [71JCS(B)4]. 
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Chapter 3 


Nitration 


Nitration, the most widely studied electrophilic aromatic substitution, 
has been reviewed many times [59MI; 65MI1(61); 69MI1; 71ACR240, 
71ACR248, 71MI1; 72MI2(10); 80MI1], Only a brief overview is therefore 
presented here, in order to put heteroaromatic nitration in the context of 
current knowledge. 


1. Nitration Conditions 

Nitration of many substrates by nitric acid alone is very slow, and is 
also largely heterogeneous. The reaction rate can be greatly increased by 
the addition of sulfuric acid, which increases the concentration of nitro- 
nium ion, the nitrating species, and also removes water, the reaction by¬ 
product. Solutions of nitrates in sulfuric acid may also be used. Nitrous 
acid present in nitric acid can cause rate acceleration as a result of nitra¬ 
tion via nitrosation; often this can be suppressed by the addition of 
urea, but in some cases more effective nitrous traps (e.g., sulfanilic acid) 
are necessary. Nitric acid (or nitric acid/sulfuric acid) in organic sol¬ 
vents increases homogeneity, which reduces the tendency for dinitration 
(caused by the nitro products being often more soluble in nitric acid than 
are the starting aromatics). The lowering of medium polarity, and 
dilution of the nitrating reagent, can also give less reactive nitrating 
conditions, which is important for some reactive heterocycles (e.g., 
thiophene). Acetic acid and acetic anhydride are the most widely used 
cosolvents, and nitromethane, sulfolane, acetonitrile, and carbon tetra¬ 
chloride have also been employed. Acetic anhydride as a solvent 
for preformed acyl nitrates is a popular nitrating mixture. Acetic acid 
has also been used as a solvent for cupric nitrate. Nitronium salts in 
organic solvents have been used for aromatics (e.g., aroyl halides) that 
are readily hydrolyzed, but cost precludes their general use. Lastly, 
alkyl nitrates in sodium ethoxide fulfill the requirement for very mild 
nitrating conditions required, for example, for heteroaromatic conjugate 
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2. Mechanism 


A. The Nitrating Species 

Until the 1960s, the nitration of aromatic compounds by solutions of 
nitric acid in sulfuric acid or other mineral acids, as well as in organic 
solvents, was confidently discussed in terms of the attack by the nitro- 
nium ion, N0 2 + . Support for this hypothesis came from spectroscopy, 
cryoscopic measurements, and the comparison between the rate of nitra¬ 
tion and the rate of l8 0 exchange between nitric acid and the media. Ac¬ 
cordingly the generally accepted mechanism of aromatic nitration in¬ 
volved the steps outlined in Equations (3.1M3.4). Depending on the 
conditions and the aromatic substrate, either of 


HNOj + H* 

H,N(V (fast) 

(3.1) 

HjNCV 

^ NO," + H z O 

(3.2) 

N0 2 + + ArH 

[ArH NO,]" 

(3.3) 

[ArHNO,]" 

ArN0 2 + H" 

(3.4) 


Eqs. (3.2), (3.3), or even (3.4) may be rate-determining. Obviously the 
use of nitration rates in discussing relative reactivities is of little value 
unless the same step in Equations (3.1)-(3.4) is rate-determining for each 
substrate. If Eq. (3.2) is rate-determining (and this is frequently the case 
for nitration in organic solvents where heterolysis is slow because of the 
relatively low polarity of the medium) then nitration is zeroth order for 
fairly reactive aromatics. However, for unreactive aromatics, the mecha¬ 
nism changes over to the most common condition for nitration: Namely, 
Eq. (3.3) is rate-determining, so that the reaction is first-order in both 
nitronium ion (or its precursor) and aromatic. The last step, Eq. (3.4), is 
fast except in the case of nitration of some substituted 1,3,5-tri-f-butyl- 
benzenes (but not the parent compound), where the exceptional steric 
hindrance causes the reverse step of Eq. (3.3) to become fast relative to 
the forward step of Eq. (3.4) (60ACS219; 66JA1569; 68JA2105). 

B. Encounter Control 

A more recently recognized kinetic complication is that, for all aromat¬ 
ics more reactive than toluene, Eq. (3.3) is encounter limited, so that all 
these substrates react at the same rate [68JCS(B)800]; in 68.3 wt% H 2 S0 4 
this is —40 times that of benzene (67CC352). A problem here is that al¬ 
though there is no intermolecular selectivity under these conditions, the 
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intramolecular selectivity typical of electrophilic substitutions remains 
(71ACR240). This necessitates the postulation of the intermediacy of a 
species of unidentified structure (possibly a rr-complex) [71ACR240; 
72JA7448; 75JCS(P2)648] prior to the formation of the Wheland interme¬ 
diate. Encounter control may be responsible for the variation of isomer 
distribution with medium acidity [71JCS(B)2443; 77JCS(P2)1693], and it 
is an important factor to be considered when measuring the reactivity of 
TT-excessive heterocycles, but not for most ir-deficient heterocycles, 
which are less reactive than benzene unless they contain strongly elec¬ 
tron-donating substituents (e.g., for 2,4,6-trimethoxypyridine). 

C. Solvent Effects 

Another complication has been the observation for a number of aro¬ 
matic substrates of rate ratios widely differing according to the nature of 
the solvent. This has led to the belief that the nitronium ion might not be 
the electrophile in some media, and also that ir-complexes may be in¬ 
volved in the rate-determining step (62JA3687; 65AJC1377). It is now rec¬ 
ognized that these anomalous data arose from the high rates of nitration 
in certain media, such that in competitive experiments, mixing control 
was taking place. That is, inadequate speed of mixing produced attenu¬ 
ated relative substrate (but not positional) nitration rates [70JCS(B)797]. 

Nitration by nitric acid in acetic anhydride presents problems of a dif¬ 
ferent kind since it gives markedly different ortho/para isomer ratios for 
nitration of some substrates including heterocyclic ones from those found 
for other nitrations of the same substrates. The relative nitration rates 
depend upon the length of time and the temperature at which the nitric 
acid and acetic anhydride mixture is allowed to stand before being used 
for nitration, and these in turn depend upon the nitric acid concentration; 
this is due to removal of water from the nitric acid through acid-catalyzed 
hydrolysis of acetic anhydride, and the formation of acetyl nitrate 
[66JCS(B)727], The nitration rate also depends upon the purity of the ace¬ 
tic anhydride [77JCS(P2)1361], probably due to the presence of traces of 
nitrate ion, which in turn implies nitronium ion (or at least a cation) as 
the electrophile (58JA5329). Since acetoxylation accompanies nitration in 
this medium (and nitration is strongly catalyzed by added sulfuric acid, 
64JCS3691) protonated acetyl nitrate was thought to be the electrophilic 
species responsible for both reactions, a view supported by calculations 
(69T5777). However, acetoxylation is now known to be produced by ad¬ 
dition-elimination involving acetyl nitrate (70CC641, 70TL2793) so the 
nature of the electrophile remains in doubt; it is possible that protonated 
acetyl nitrate (which is also nitronium ion solvated by acetic acid) is the 
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precursor for the nitronium ion. The current evidence seems irreconcil¬ 
able with, on the one hand, both nitric acid-sulfuric acid and nitric acid- 
acetic anhydride giving fairly similar toluene/benzene rate ratios 
[71JCS(B)1256], and similar ortho/para ratios for a range of alkylbenzenes 
(72RTC831); whereas against this argument for a common electrophile 
must be set the fact that substrates like anilides, ethers, and biphenyl give 
abnormally high ortho/para ratios with the latter medium. Meaningful 
analysis is further complicated by reports that biphenyl also gives abnor¬ 
mally high ratios in nitric acid-sulfuric acid (76TL771), and the ratios are 
substantially influenced by both nitrosation and the heterogeneity of the 
reaction mixture (72TL1755). 

D. Electron-Transfer Mechanism 

This mechanism requires the electron pair to be transferred from the 
aromatic to the electrophile in a stepwise fashion, so that a radical cation 
(formed from the aromatic) occurs along the reaction pathway. Some evi¬ 
dence for this was provided by an apparent correlation of logarithms of 
relative nitration rates with ionization potentials of the aromatics 
(73T579), and radical cations can be shown to be present in solutions of 
phenols under conditions in which nitration occurs (75JOU1883). Perrin 
has argued that a one-electron transfer mechanism applies to nitrations 
which occur at the encounter rate, since electron transfers from reactive 
aromatics to nitronium ion are exothermic, and exothermic electron 
transfer should be encounter controlled (77JA5516). However, it has been 
shown that such conclusions cannot be generally true, and that it is false 
to assume that the retention of intramolecular selectivity under conditions 
of encounter control is inexplicable by the normal nitration mechanism 
[80MI1(109)]. More recently, chemically induced dynamic nuclear polar¬ 
ization (CIDNP) measurements have indicated the presence of radical 
cations in nitrous acid-catalyzed nitration of phenols, amines, and mesity- 
lene [84JCS(P2) 1659,1667], and in the rearrangement of the initially 
formed ipso Wheland intermediate in nitration of durene to give 3-nitro- 
durene in trifluoroacetic acid [85JCS(P2)1227]. 

E. Nitration of Bases 

As in hydrogen exchange of bases, complications arise here since reac¬ 
tion may take place either on the free base or the conjugate acid; in gen¬ 
eral, bases containing electron-withdrawing substituents will tend to react 
as the former, and vice versa. The analysis of rate versus acidity profiles, 
however, is not always straightforward, because the important effect of 
hydrogen bonding must be considered. In addition, there is now firm evi- 
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dence that amino-substituted aromatics containing electron-withdrawing 
substituents can undergo initial rate-determining attack by nitronium ion 
upon the amino group. Subsequent fast rearrangement leads to the C- 
nitro products, and this overall mechanism is probably the normal one 
for anilines which nitrate via the neutral molecule (72CC641). 

F. Ipso Attack 

The mechanism of nitration is complicated by the importance of ipso 
attack (i.e., attack of the reagent at the position occupied by the substitu¬ 
ent). (Ipso attack is well known in other electrophilic substitutions.) The 
possible fates of the ipso Wheland intermediate (3.1) are: (1) capture by 
a nucleophile; (2) rearrangement by 1,2- or 1,3-migration of the nitro 
group, with loss of a proton; (3) similar migration of the group X; (4) loss 
of X + (i.e., ipso substitution); (5) loss of a proton or related group from a 
substituent remote from the ipso position; (6) return to starting materials. 

Capture by a nucleophile generally leads to addition products (e.g., 
/pjo-nitrocyclohexadienyl acetates obtained in Ac 2 0) (73CC300; 
74CJC3960). Rearrangement by 1,2-migration may be repeated giving rise 
to meta products, and there are a number of examples of this formal 1,3- 
rearrangement (e.g., 77CC301). 1,2-Migration of X rarely occurs 
(72BCJ2534), but ipso substitution has been the longest recognized conse¬ 
quence of ipso attack [80MI 1(198)]. Three types of loss from remote posi¬ 
tions are common: deprotonation of hydroxyl, demethylation of methoxyl 
(both with formation of the ketone), and deprotonation of methyl 
(76ACR287). The rules governing the competition for the various pro¬ 
cesses undergone by the Wheland intermediate are not yet well under¬ 
stood. The importance in recognizing the possibility of ipso attack is that 
since there are two routes to the production of a given isomer, then it 
is not possible to translate isomer distributions into a direct measure of 
positional reactivity and selectivity. Ipso attack takes place at the posi¬ 
tion of highest electron density in an aromatic (75M13), and applies 
mainly therefore to homocyclic substrates containing at least one substit¬ 
uent that is electron supplying; only a few substituted heteroaromatic 
compounds may undergo ipso attack. 



(3.1) 
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3. Experimental Techniques 

A. The UV Technique 

Nitration kinetics are usually followed by measuring the absorption of 
the nitro product by UV spectroscopy [67JCS(B)1204; 68JCS(B)800; 
76JCS(P2)1135]. The wavelength chosen for measuring the optical density 
is usually close to X max for the nitro product. 

The method of carrying out kinetic runs depends upon the rate of nitra¬ 
tion and the temperature. For relatively slow reactions at or near room 
temperature, the easiest procedure is to carry out the reaction in a volu¬ 
metric flask to which are added a weighed amount of substrate (—40 mg), 
sulfuric acid of known composition nearly to the mark, and, finally, a 
measured excess (—0.5 g) of —70% nitric acid. Urea (one-tenth of the 
molar concentration of nitric acid) must also be added to prevent nitrosa- 
tion. The flask is then placed in a thermostatted bath and, at appropriate 
intervals, portions are removed, quenched, and the optical density mea¬ 
sured. For kinetic runs above 50°C the procedure differs only in that ali¬ 
quots are sealed in Pyrex tubes before thermostatting. 

For compounds that nitrate rapidly at room temperature, two methods 
may be used. The substrate may be dissolved in sulfuric acid of appro¬ 
priate strength and introduced into one limb of a two-limbed flask. A solu¬ 
tion of nitric acid in sulfuric acid is introduced into the other limb, the 
flask is thermostatted, and the reaction started by vigorously shaking the 
flask. Aliquots are then withdrawn and quenched as before. However, by 
far the most convenient method is to carry out the kinetics directly in the 
thermostatted spectrophotometric cell and this would now be the method 
of choice in view of the automatic monitoring facilities currently available 
on spectrophotometers. For very fast reactions, stopped-flow techniques 
have been used. 


B. Calculation of Kinetics 

The concentration x, of the nitrated product formed after time t is ob¬ 
tained from Eq. (3.5). Pseudo-first-order rate coefficients are found from 
Eq. (3.6) [by plotting log (£). - D,) against /] and second-order rate coef¬ 
ficients are calculated from Eq. (3.7), where b is the concentration of ni¬ 
tric acid, a is the initial concentration of the substrate, and D 0 , D t , and 
are, respectively, the optical densities initially, after time t, and after 
complete reaction. (In some cases there is no initial absorption at X max so 
D 0 is zero.) Second-order rate coefficients, which are obtained from the 
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x, = a(D, - D 0 )/(D X - D 0 ) 

(3.5) 


, 2.303 , (D, - D.) 

< 108 IK - D„ 

(3.6) 


, 2.303 . a(b - x,) 

2 (b - a)t ° g b(a - x,) 

(3.7) 


pseudo-first-order rate coefficients through division by the stoichiometric 
concentration of nitric acid, should be corrected for variations in densities 
of the measured solutions if the reaction is not run at room temperature. 


C. Kinetic Complications 


In most studies the reaction mixtures were quenched by dilution with 
water. When dealing with heteroaromatic substrates care must be taken 
to ensure that only one species (either free base or conjugate acid) of both 
reactant and product is present in the resulting acid solution. In some 
cases, on diluting with water the pH of the resultant solution would fall 
close to the p K a values for the substrate and/or its nitro derivative. In 
these cases, to avoid measuring absorptions arising from both the proton- 
ated and nonprotonated forms, the reaction mixtures are quenched with 
sodium hydroxide solution, so that the resulting pH is far from the pK a 
value; in the reference cell a solution of sodium hydroxide of comparable 
concentration should be used. 

Because of the limited solubilities of nonbasic aromatics in aqueous 
acids, the effect of acetic acid as a cosolvent has also been investigated 
(77JOC2511). Addition of ~10~ 3 M AcOH has been shown to increase 
appreciably the solubility of aromatic substrates without affecting the rate 
coefficients. 

When kinetics have been complicated by partial decomposition of the 
reaction product (e.g., 3,5-dimethoxy-2,6-dinitropyridine), the rate coef¬ 
ficients for the second nitration could be obtained by taking measure¬ 
ments at the isosbestic point of the mono- and dinitro-compounds, and 
also at another wavelength if there is a large extinction coefficient differ¬ 
ence between the two compounds [67JCS(B)1211]. This method assumes 
that the decomposition product does not absorb at the wavelength con¬ 
cerned. The concentration x, of product formed after time / was calcu¬ 
lated from Eq. (3.8), where the subscript i refers to optical densities at 
the isosbestic point. 


x, = W (D,-D 0 ) 


D 0 , (D, - D 0 ) + DJD 0 , - D, J 
DoiD, — D,JD 0 


(3.8) 
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For one compound (3,5-dimethoxy-2-nitropyridine 1-oxide), the UV 
method could not be used since the dinitro product precipitated from so¬ 
lution even at the concentrations used in UV spectroscopy. The kinetics 
were therefore followed by NMR [67JCS(B)1213]. 

A further complication occurs if two isomeric nitro products are 
formed, as from, for example, 2-pyridone [72JCS(P2)1953] and 1-methyl- 
2-methylaminopyridinium perchlorate [72JCS(P2)1950], In such cases, 
the rate coefficients for the individual positions as well as the proportions 
of the two isomeric products can be determined by measuring the optical 
densities at two distinct and carefully selected wavelengths. 


4. Criteria for Defining the Reacting Species 

A. Survey of Possible Criteria 

Several criteria have been employed to determine the reactive species 
in the nitration of N-heteroaromatics. The problem is to decide the fol¬ 
lowing. (1) Which of the one or more species present is the one undergo¬ 
ing predominant reaction in a given medium. (2) What is the dependence 
of the rate of nitration of each of these species upon both acidity and 
temperature. (3) What measure of acidity (if any is needed) is appropri¬ 
ate for correlating with nitration rates; this is an important factor if data 
are to be extrapolated to a “standard” condition. (4) How does the activ¬ 
ity of the nitronium ion vary with the acidity of the medium. This is partic¬ 
ularly important at high acidity where a decrease in nitration rate with 
increasing acidity may be due to reaction taking place predominantly on 
the conjugate acid or to a decrease in nitronium ion activity, or both. The 
problem is a difficult one and has been reviewed in considerable detail 
[71MU; 80MI1(147)] so that a condensed overview is given here. 

The main criteria which have been used are listed below and then dis¬ 
cussed in detail. 

(1) Analysis of rate versus acidity profiles. This is a long established 
and reliable technique and has been used previously in aromatic chemis¬ 
try to determine, for example, which forms of phenols and carboxylic 
acids are the reacting species in electrophilic substitution. 

(2) Comparison of the rate of reaction of the compound under investi¬ 
gation with that of a fixed derivative, in which the possibility of ionization 
or tautomerism is wholly or partially eliminated. 

(3) Comparison of the observed and calculated encounter rates. 

(4) Determination of the thermodynamic parameters. 
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Various possible rate profile approaches have been employed. The 
high-acidity rate profiles refer to reactions studied in 85-98 wt% sulfuric 
acid, and for these the sulfuric acid concentration, and subsequently H 0 , 
were used as the measure of acidity [63JCS4204 ; 67JCS(B)1204], The low- 
acidity rate profiles refer to studies carried out in 40-85 wt% sulfuric acid, 
the acidity being measured in terms of the function (//„ + log 
a H 0 )(64MI2). The modified rate profiles refer to the same acidity range, 
expressed arbitrarily as H 0 , but the rate coefficients are corrected for the 
nitronium ion concentration [68JCS(B)1477]. A systematic survey of 
rate-acidity profiles using H 0 as the measure of acidity has shown this 
approach to be of wide generality [75JCS(P2)1600]. Finally, a method has 
been introduced to cover the acid range 40-98 wt% H 2 S0 4 , whereby ni¬ 
tration rates are found to give excellent correlations with the activity co¬ 
efficient ratios M c of the solutes [84JCS(P2)1163]. 

Use of the H 0 acidity function in rate versus acidity profiles is purely 
arbitrary and is not meant to imply that the concentration of either the 
substrate or nitronium ion is a function of it. It is the most suitable acidity 
function, having been the most studied, with values available over a range 
of temperatures (69JA6654). 

B. High-Acidity Rate Profiles 

The high-acidity rate profiles exhibit a maximum at ~88 wt% H^SCX, 
(//„ = -9 at 25°C, but lower at higher temperatures) wherein falls the 
p/£ a of nitric acid. The slopes obtained for nitration proceeding via either 
the free base or the conjugate acid form of the substrate are quite different 
(Fig. 3.1). Since variations of the rate coefficient depend upon the con¬ 
comitant variation of the acidities of the reactants (substrate and nitro¬ 
nium ion), a quite different slope of the rate profile is expected in the two 
cases. For reaction of a conjugate acid, where initially the stoichiometric 
concentration of the substrate is present throughout the acidity range, the 
observed rate increase (with increasing acidity) up to the maximum is due 
to the increasing amount of nitronium ion. Thereafter, it should level off, 
and eventually slightly decrease, as does nitronium ion activity (Fig. 3.2). 
For free-base reactions, although the variation in nitronium ion activity 
with acidity is the same, the concentration of free base decreases due to 
increased protonation. Consequently, the slope of the rate profile up to 
the rate maximum is less positive than that for the conjugate acid, and 
becomes large and negative at higher acidity; in this latter region the aver¬ 
age value of the slope is -0.1 for conjugate acids and -0.5 for free bases 
(Fig. 3.2). 
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A further analysis of rate profiles obtained for free base nitrations is 
possible. If allowance is made for the decrease in the concentration of the 
reactive species, the resulting rate profile should have a slope similar to 
that for a conjugate acid. The free base rate coefficient /c,(fb) is defined 
by Eq. (3.9) and can be calculated by Eq. (3.10), in which m is the slope 
of the substrate protonation correlation. 

Mobs.)[substrate] = & 2 (fb)[free base] (3.9) 

log & 2 (fb) = log )t 2 (obs.) + pK a (obs.) + pK a - mH 0 (3.10) 

C. Moodie-Schofield Plots 

For compounds which undergo nitration at lower acidity, another use¬ 
ful criterion was proposed by Moodie and Schofield (64MI2). This again 
depends upon the difference between a free base and a conjugate acid 
in its concentration dependence with acidity. Westheimer and Kharasch 
(46JA1871) had shown that the degree of protonation of nitric acid was 
correlated with the degree of protonation of triarylmethanols (which de¬ 
scribes the H R acidity function). Accordingly, Deno and Stein (56JA578) 
found a linear relationship between the rate of nitration of several aro¬ 
matic compounds and the acidity function H R in the region 40-60 wt% 
H 2 S0 4 , although deviations were observed at higher acidity. Moodie and 
Schofield noted that nitric acid is monohydrated in the range 60-85 wt%, 
and therefore good straight lines of slopes close to unity (for ~15 wt% 
acidity range) could be obtained for the nitration of a large number of 
substrates in the overall acidity range 40-85 wt% H 2 S0 4 , according to 
Eq. (3.11) (64MI2). It is now recognized that the assumption that hy¬ 
drated nitric acid is involved is unnecessary [80MI 1(36,148)]. 

log kfobs.) = -m(H R + log a H ^ 0 ) (3.11) 

For nonbasic aromatics, and for heteroaromatics undergoing nitration 
as conjugate acids, a unit slope is therefore expected, whereas free-base 
minority species should give smaller slopes convertible to unity if calcu¬ 
lated free-base rate coefficients are used (Fig. 3.3). A survey showed that 
compounds undergoing nitration via the majority species had an average 
slope of 1.00 [80MI1 (151)], whereas those nitrated via the minority spe¬ 
cies had slopes in the region 0.3-0.9 [80MI1( 153)]. 

Although the theoretical values for the slopes are often obtained from 
kinetic data at room temperature, this is not the case (and the recalcula¬ 
tion of the free-base rate coefficients also fails) for data obtained at higher 
temperature. This discrepancy may be attributed to the variation of acid¬ 
ity function with temperature. In a redetermination of the variation of H R 
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Fig. 3.3. Plots of log A 2 (obs.) versus (//„ + log a„ j0 ) for A, conjugate acids and B, free 
base minority species. 


with wt% H 2 S0 4 , the temperature dependence [Eq. (3.12)] was shown to 
be similar to that for H 0 , though the proportionality coefficient A is al¬ 
ways smaller at each concentration (75JA760). Vapor-pressure measure¬ 
ments have provided values for a H 0 (39JA2370; 61JA4956), but the tem¬ 
perature variation of these is known only for <40 wt% H 2 S0 4 (35JA27). 
In this range, the dependence of log a H Q upon temperature is given by 
Eq. (3.13) [75JCS(P2)1600], where T is the absolute temperature (in K). 

H R (T) = AIT + B (3.12) 

log a H2 o(D = log Gh 2 o(298.15) + (T - 298.15 )B (3.13) 

In Eq. (3.13), B is a constant for a given wt% H 2 S0 4 ; a plot of B against 
H 0 is a smooth curve, and a third-degree polynomial gives log B as a 
function of H 0 . However, this implies that B reaches a maximum at 
H 0 = - 2.8 (45 wt% H 2 S0 4 at 25°C) and thereafter decreases with increas¬ 
ing H 0 . If this is correct, then at high acidity a H ^ 0 would decrease with 
increasing temperature, in contrast to its behavio'r at low acidity, which 
seems unlikely. Moodie-Schofield plots cannot therefore be accurately 
corrected for temperature at present. 

For benzene, the slope of the Moodie-Schofield plot is 1.0 in the (nar¬ 
row) range 63-68 wt% H 2 S0 4 , but the slope increases to 1.2 at higher 
acidity [68JCS(B)800]. This may diminish the utility of a comparison of 
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the rate of nitration of a given substrate with that of benzene as a means 
of studying aromatic reactivity, for the comparison would be dependent 
on the acidity (as is the case for hydrogen exchange). The curvature can¬ 
not be due to the rate of nitration at the higher acidities studied being 
only six times less than the encounter rate [75JCS(P2)1600], because any 
encounter control of the rate would diminish the slope of the rate-acidity 
plot, and calculations have more recently confirmed this [77JCS(P2)1693]. 
Rate profiles for compounds more reactive than benzene, such as toluene, 
biphenyl, xylenes, mesitylene, and naphthalene, are linear (over small 
ranges of acidity for each compound) in the overall range 56-80 wt% 
H 2 S0 4 . By contrast, an investigation using a wide acidity range 
[77JCS(P2)845; 77JOC2511] confirmed that the profiles for benzene and 
the halogenobenzenes are curved (as are also the corresponding plots 
against //„). Plots against H 0 were linear (see also Section 5) with slopes 
of ~2.4 (converging toward higher acidity). In this work it was shown 
that these correlations must be empirical and have limited value as mech¬ 
anistic criteria for nitration. Mechanistically, it is not unreasonable for 
rate versus acidity plots to converge toward higher acidity (as they do in 
hydrogen exchange), since the higher activity of the nitronium ion in the 
more concentrated acids should lead to a smaller spread of rates, accord¬ 
ing to the reactivity-selectivity principle. Certainly the precise unit slopes 
of some rate-acidity profiles are now recognized as rather fortuitous in 
view of the different protonation behavior of various bases in a given 
acid. 


D. Modified Rate Profiles 

Katritzky and Tarhan introduced another mechanistic criterion 
[68JCS(B)1477] that refers to the same acidity region discussed in Section 
3, but permits observation of a mechanistic changeover. The so-called 
modified rate profile consists of correcting the observed rate coefficients 
for the acidity dependence of the nitronium ion concentration, according 
to Eqs. (3.14) and (3.15). A new rate coefficient k\ is defined in which 
[HN0 3 ] st refers to the stoichiometric quantity of nitric acid in the reaction 
mixture. Values of log[HN0 3 ] sl /[N0 2 + ] are computed assuming that nitric 
acid is half-protonated in 88 wt% H 2 S0 4 and that its protonation follows 
(-H R = log c(h 2 o)- 

* 2 (obs.)[HN0 3 ] sl [ArH] = ^[N0 2 + ][ArH] (3.14) 

Hence: 

log k' 2 = log Mobs.) + log[HN0 3 ] st /[N0 2 + ] (3.15) 
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Fig. 3.4. Plots of log As versus - H„ for reactions of (A) conjugate acids and (B) free base 
minority species. 


Thus plots of log k\ versus -H 0 for reaction of conjugate acids should 
yield a line of zero slope, whereas compounds reacting via the free base 
should give straight lines with a unit negative slope (Fig. 3.4). Other 
slopes may be obtained, and this reflects the proportionality between the 
acidity function followed and - H 0 . The method was first applied to the 
kinetic data for 4-pyridone, which was thereby shown to react as the free 
base at lower acidities and as the conjugate acid at higher ones (Fig. 3.5). 



-do 


Fig. 3.5. Plots of log k , versus //„ for 4-pyridone at (A) 157.5°C, (B) 133.5°C, and (C) 
86°C. 
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The method can be applied only at or near room temperature because 
although the values of H 0 up to 90°C are well known, the variation of the 
p K a of nitric acid with temperature, and indeed the precise acidity func¬ 
tion followed by nitric acid, are not known; attempts to determine these 
factors have failed [75JCS(P2)1600]. 

E. Other Types of Rate Profiles 

An alternative simple criterion makes use of H 0 values. Statistical anal¬ 
ysis of 12 data sets for linear plots of log & 2 (obs.) against -H 0 (<86 wt% 
H 2 S0 4 ) showed correlation coefficients slightly better than those for the 
corresponding plots against -//„ or against (~h R + log a H G ) 
[75JCS(P2)1600]. Hence the slope of the 4log k 2 (obs.)]/d(-H 0 ) plots was 
proposed as an alternative mechanistic criterion. With only three excep¬ 
tions, among 131 data sets, reactions of majority species exhibit slopes 
greater than 1.7 (mean value 2.24 ± 0.27), whereas slopes for all minority 
species reactions are less than 1.7 (mean value 1.23 ± 0.24). Compounds 
undergoing reaction with rate profile slopes close to 1.7 have to be investi¬ 
gated using other criteria. 

The most recent procedure, not yet widely applied, provides a linear 
description of rate profiles for substrates reacting as free bases, through¬ 
out the whole of the acidity range 40-98 wt% H 2 S0 4 . A function, log Z, 
of the observed rate coefficient [given by Eq. (3.16)] is plotted against 
M c , the activity coefficient ratio of the solutes; M c is given by Eq. (3.17), 
when subscripts B = base, A = acid, and C = conjugate acid 
[84JCS(P2)1163]. 


[NQ 3 ] [NO,*] a H , 0 

[HNOj] + [HNO,] [H*] 


M c = -log^ 


(3.16) 


Another criterion suggested [71JCS(B)2454] for identifying the nature 
of the reacting species was comparison of the behavior of a base on nitra¬ 
tion in acetic anhydride with that on nitration in sulfuric acid. Applied to 
weak bases the method seemed to work well, but subsequent work by 
the same authors showed that it fails with stronger bases, such as most 
heterocycles, since they form salts in acetic anhydride-nitric acid solu¬ 
tions, as well as in sulfuric acid; application of this method to some rela¬ 
tively weak bases may also be vitiated by side reactions [72JCS(P2)1654]. 

The whole question of reliability of rate profile interpretation is still 
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under discussion. Moodie and Schofield have criticized the utility of rate- 
acidity profiles, noting that for weak bases, especially those containing 
oxygen functions, the occurrence of hydrogen bonding can render the 
criterion ambiguous or anomalous, and the dichotomy of free base and 
cation may be too simple [77JCS(P2)1693]. Nitration of substrates that 
show kinetic ambiguities or anomalies can be accompanied by marked 
acidity dependence of product compositions. Hence they have proposed 
a further tentative criterion, which is to compare the variation of rate with 
acidity for each substrate with that of benzene. If the ratio of activity 
coefficients were unity, such plots would be rectilinear with unit slope. 
Statistical analysis on a large number of data suggested that values of the 
slope ratio 41og & 2 ArH (obs.)Mlog & 2 PhH (obs.)] > 0.85 are characteristic of 
minority species reactions. Again, for compounds giving slopes close to 
this value the rate profile is not reliable on its own, and other criteria must 
be investigated. 


F. Model Compound Studies 

The most effective single criterion of whether free base or conjugate 
acid nitrates is the comparison of a model compound in which the possi¬ 
bilities of prototropic and tautomeric equilibria have been eliminated. For 
example, the model compound for a substitued pyridinium cation is its 
N-methyl cation. If the nitration of the pyridine proceeds via the conju¬ 
gate acid, the rate profile will have the same shape as for the N-methyl 
model compound. The individual rates of nitration for the model com¬ 
pound may or may not be exactly the same as for the pyridine itself, 
depending upon the effect of the methyl group upon the reactivity. If, on 
the other hand, nitration of the pyridine takes place on the free base, then 
the N-methyl cation will not be nitrated under the same conditions. 

This method is therefore the most reliable for determining the species 
reacting, provided that the model compound does not decompose under 
the experimental conditions. 

G. The Encounter Rate Criterion 

As in the case of hydrogen exchange discussed in chapter 2 (Section 
I.F), it is possible to apply the Smoluchowski equation [Eq. (2.1)] to cal¬ 
culate the encounter rate. For nitration of heteroaromatic substrates, 
Ridd took a fixed value of 6 for the ratio of the ions (63JCS4204), thus 
simplifying the expression to Eq. (3.17). Since values of ti at various tem¬ 
peratures are well known, the calculation of &(enc.) at various acidities 
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and temperatures is easy. If a nitration takes place via the free base the 
calculated £ 2 (fb) value (= /c 2 (obs.)[S] stoich /[S]) should not be greater than 
k(enc.) at any acidity, whereas for conjugate acid reactions the calculated 
£ 2 (fb) value will be greater than k(e nc.). However, if the observed second- 
order rate coefficient is less than &(enc.), the reaction may proceed via 
the free base, so this method affords evidence for conjugate acid nitra¬ 
tions only. 

k(e nc.) = 8/?77300-n (3.17) 

H. Thermodynamic Parameters 

The activation parameters have been determined for many nitrations 
by means of the Arrhenius and Eyring equations, but their values cannot 
be predicted with much certainty. The usefulness of these parameters as 
mechanistic criteria is limited by the wide range of values observed for 
both free base and conjugate acid reactions. [Their precise interpretation 
is impossible due to lack of knowledge of all the factors governing their 
size (67MI6).] However, the relative magnitudes for free-base and conju¬ 
gate-acid nitrations can provide evidence for one particular mechanism if 
used in conjunction with other criteria. In general, AS* values for conju¬ 
gate acid nitrations are more negative than those for free-base nitrations. 
Frost and Pearson (61MI2) predicted that the electrostatic contribution to 
the activation entropy is - 10 e.u. for reactions between two ions of like 
charge and zero for reactions between an ion and a neutral molecule. The 
AS* value for conjugate acid and free base nitrations is generally about 
-20, and -10 e.u., respectively (equivalent to log A being 8.4 and 10.6 
sec -1 ), leading to the corresponding activation energies of 13-17 and 20- 
26 kcal mol -1 (69TH1). (However, this would mean that the conjugate 
acid > free base reactivity order would reverse at sufficiently high 
temperature.) 

A subsequent survey using the Eyring equation showed that there is a 
large spread in the distribution of the activation entropies (the mean value 
is — 16 ± 9 e.u.), whereas the heats of activation lie within a smaller range 
(17.6 ± 4.0 kcal mol -1 ). Moreover the average value of A//* is larger for 
reactions taking place on a minority species (21.7 ± 4.0 kcal mol -1 ) than 
for those taking place on a majority species (16.1 ± 2.8 kcal mol -1 ) 
[75JCS(P2)1600]. 

As noted in Chapter 2 (Section l.G.c), parameters determined from 
solutions of identical wt% H 2 S0 4 at different temperatures are only appar¬ 
ent values, and the parameters ( AH *, AS*) should be calculated using solu¬ 
tions of the same H 0 . This approach [75J(P2)1600] indicated that most of 
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the variation occurs in the entropy term, indicating strong solvent interac¬ 
tions, whereas A7/* values appear roughly constant for all compounds and 
in any acidity region (mean value 34.9 ± 3.9 kcal mol -1 ). Furthermore, 
the mean value for minority species reactions is close to the overall aver¬ 
age, thus indicating that parameters at constant H 0 are not good mecha¬ 
nistic criteria. Nor can a difference be observed between the activation 
entropies for the two types of species. The average AS* is highly positive 
(42 ± 14 e.u.), presumably because the transition state is less solvated 
than the ground state. 

I. Summary of Mechanistic Criteria 

The above mechanistic criteria almost invariably allow a firm conclu¬ 
sion to be made concerning the species reacting in heteroaromatic nitra¬ 
tion. Model compound studies appear to provide the best evidence, and 
the rate profile approach can be very successful, whereas activation pa¬ 
rameters and the encounter rate criterion give, by themselves, less useful 
information. However, use of a single criterion can often give equivocal 
evidence, and a firm conclusion frequently requires several criteria used 
together. 


5. Standard Conditions: Choice and Procedure 

A. Selection of Standard Conditions 

As in hydrogen exchange (Chapter 2, Section l.G), evaluation of stan¬ 
dard nitration rates permits comparison of substrate reactivities under the 
same conditions. Previous comparisons between nitration rates of com¬ 
pounds of widely differing reactivity have required a stepwise procedure 
(71 Mil), which carries the implicit assumption that partial rate factors do 
not vary appreciably with acidity. 

The definition of standard conditions is more difficult for nitration than 
for hydrogen exchange because of uncertainty in the NO, + activity varia¬ 
tion, and the peculiar behavior of benzene itself. The standard conditions 
chosen were 25°C and //„ -6.6 (i.e., 75 wt% H 2 SO„ at 25°C) 
[75JCS(P2)1600]. The choice of 25°C was made because kinetics for many 
nitrations have been followed at this temperature, and most in the range 
0-100°C. The standard acidity of H 0 -6.6 minimizes the extrapolations 
needed for the rate profiles of many substrates and is close to the range 
of “normal” behavior found for benzene. 
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B. Determination of Standard Rates 

The method for obtaining values requires four consecutive steps 
[75JCS(P2)1600], 

(1) Determination of k 2 (obs.) at the Experimental Acidity and Temper¬ 
ature. Knowledge of the acidity function of the acid and its variation with 
temperature is required. The standardization of the acid is usually done 
by titration. The low substrate concentration required for UV analysis 
obviates correction of the acidity to allow for losses due to protonation 
of the substrate, or salt effects. 

The variation of H 0 with wt% H,S0 4 at 25°C is used to obtain the 
H 0 value of the acid used. The variation of H 0 with temperature at any 
given acid concentration is given by Eq. (2.4). The appropriate values 
of K are found from a graph constructed from the acidity variation 
(69JA6654). 

(2) Determination of k 2 (obs.) at T(°C) and H 0 -6.6. The determination 

of a rate coefficient at a given acidity for a reaction which has been inves¬ 
tigated in a different range of acidity requires construction and extrapola¬ 
tion of a rate profile. Reasons have been given above (Section 4.C) for 
using a plot of log k 2 (T°C) against this type of rate profile is the 

only one that can, at present, be correctly constructed at the experimental 
temperature. 

(3) Determination of k 2 (obs.) at 25°C and H 0 -6.6. Since we are 
referring to constant acidity, the rate coefficients for 25°C are calculat¬ 
ed from Eq. (3.18), using the statistical average value of 35 kcal mol -1 
for A77* 


logM^C) - log* 2 (25°C) 4 574 ^273.15 + T°C 298.15^ (3 ' 18) 

(4) Determination of Standard Rate Coefficients (k^ at 25°C and H„ 
-6.6). For reactions proceeding as a majority species E, = k 2 . For reac¬ 
tions proceeding on a minority species (i.e., as the free base below the 
p K a value) the correction provided by Eq. (3.19) [or more easily Eq. 
(3.20)] must be made, where H'f 1 is the half protonation value for the 
particular substrate, and m is the slope of log[BH + ]/[B] against //„. 


log k 2 = log k 2 (obs.) + p K a + 6.6m 
log k 2 = log k 2 { obs.) + m(H\f - H 0 ) 


(3.19) 

(3.20) 
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C. Alternative Procedure 

If sufficient rate data are unavailable for acidities below H 0 -8.5, ex¬ 
trapolated rate coefficients may be obtained from the high-acidity region 
of the rate profiles by a different procedure. This latter may also be used 
for the extrapolation of data for compounds which show a mechanistic 
changeover [75JCS(P2)1600], 

For reaction of majority species at 25°C, in which no such change in 
mechanism occurs, the difference (A log k 2 ) between the values at H 0 
-6.6 (75 wt% H 2 S0 4 ) and -9.66 (94 wt% H 2 S0 4 ) lies within a narrow 
range. It is an experimental fact that rate profiles at temperatures higher 
than 25°C continue to show a maximum near 88 wt% H 2 S0 4 (i.e., at pro¬ 
gressively less negative H 0 values) as the temperature increases. Little 
variation (with no clear trend) was found between A log k 2 and tempera¬ 
ture and the mean value was found to be close to that for 25°C. The over¬ 
all average for A log k 2 is 4.0 ± 0.7. 

The alternative procedure, which works only for conjugate acid nitra¬ 
tions, is as follows. Values of log & 2 (obs.) at T°C are obtained from the 
rate profile at H 0 (T) corresponding to 94 wt% H 2 S0 4 . Subtraction of 4.0 
from this value gives an estimate of log k 2 (obs.) at H 0 ( T°C) corresponding 
to 75 wt% H 2 S0 4 . These values are then converted to those appropriate 
for 25°C by making a temperature extrapolation at constant wt% H 2 S0 4 
[i.e., using Eq. (3.18j] with AH* (the average value for which is 17.6 kcal 
mor') in place of AH*. 


D. Conclusions 

The data available for —130 compounds were processed in this way to 
derive the standard rate coefficients [75J(P2) 1600]. Note that when nitra¬ 
tion occurs at more than one position, the slope of the rate profile refers 
to the overall reaction. Standard rate coefficients for nitrations at the indi¬ 
vidual positions are then obtained using the isomer distribution at the 
measured acidity nearest to 75 wt% H 2 S0 4 . When nitration occurs at two 
or more equivalent positions, the calculated log kl values refer to overall 
reactivity, and must therefore be statistically corrected. 

The error involved in the standard procedure is estimated on the basis 
of standard rate coefficients obtained from different data sets for the same 
compound to be 0.2 log units. The error involved in the alternative proce¬ 
dure is expected to be much larger, although fair agreement between the 
two methods was found in the only two cases where both applications 
were possible. 
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Various other reactions have been used to determine the quantitative 
electrophilic reactivities of heteroaromatics, and rather more have been 
used to determine the most reactive sites in a given molecule. For those 
reactions in which hydrogen is replaced, the method most generally used 
consists of determining the positions of reaction through gas-liquid chro¬ 
matography (GLC) and NMR analysis of reaction products, the overall 
reactivities of the molecules relative to benzene (or some other standard) 
being determined by the competition method. This is satisfactory except 
for accurate determination of partial rate factors at sites of low reactivity 
where, particularly in reactions with large p factors, the percentage of a 
given product isomer may be less than 1%. In a few reactions a substitu¬ 
ent is replaced by hydrogen (more recently referred to as ipso substitu¬ 
tions), the rate of this replacement relative to replacement of the same 
substituent in benzene (usually measured spectroscopically) giving the 
partial rate factor directly. This method is very accurate and is akin to 
hydrogen exchange in that the reaction site is specifically “labeled.” 

For some reactions, particularly those in which the reverse reaction is 
known to occur readily, it is necessary to determine if the product isomer 
distribution is due to thermodynamic rather than kinetic control. Products 
which are sterically hindered are particularly susceptible to rearrange¬ 
ment to less hindered isomers. It is also necessary to determine whether 
reaction occurs on the free base or conjugate acid, though for many of 
these reactions the conditions are considerably less acidic than those used 
in nitration or hydrogen exchange. 

In the following account, references are given to some examples of the 
uses of particular reagents and methods; these are described in greater 
detail in subsequent chapters. 


1. Reactions Involving the Proton as Electrophile 

A. Protiodemercuriation 

Protiodemercuriation involves acid cleavage either of ArHg from 
ArHgAr or of HgCI from ArHgCI [72MI2(278)]. The latter procedure has 
been used to determine the quantitative reactivities of furan, thiophene, 
and selenophene (65AJC15I3). 
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B. Protiodeboronation 

Protiodeboronation is the process whereby the B(OH) 2 group is cleaved 
from an aromatic ring by acid [72MI2(287)]. Quantitative kinetic data for 
heteroaromatics have been obtained only for furan and thiophene (65 AJ- 
C1513,65AJC1521; 75JHC195). 

C. Protiodesilylation 

This reaction involves cleavage of SiR 3 groups (R usually methyl) from 
aromatic rings, either (1) by acid (acid-catalyzed desilylation), in which 
the proton attacks the ring in the first and rate-determining step; or (2) by 
base (base-catalyzed desilylation), in which the aromatic anion is pro¬ 
duced by loss of the silyl group, and the proton reacts with the anion in 
the second and fast step. 

Acid-catalyzed desilylation has been used to determine the quantitative 
reactivities of thiophene [56JCS4858; 59JCS2299; 61JCS4921; 70JCS 
(B)1364], of a range of substituted thiophenes [81 JCS(P2)931], and of 
benzo[b]thiophene, dibenzofuran, dibenzothiophene, and N-ethylcarba- 
zole (61JCS4921). 

Base-catalyzed desilylation of thiophenes has been used to examine 
both the mechanism of the reaction, and the effects of substituents 
[76JCS(P2)925; 81JOM(204)153]. In this work the reactivities of the 2- 
positions of furan, benzo[6]furan, and benzo[6]thiophene were also ex¬ 
amined, as were base-catalyzed degermylation (cleavage of GeR 3 ) and 
destannylation (cleavage of SnR 3 ). 

D. Protiodeplumbylation 

Protiodeplumbylation (cleavage of PbR 3 groups from aromatics) was 
used in the first demonstration that furan was more reactive than thio¬ 
phene toward electrophiles (32RTC1054). 


2. Metallation 


A. Lithiation 

Replacement of hydrogen in an aromatic ring by lithium is an electro¬ 
philic substitution, entry of lithium taking place in the second and fast 
step of the reaction; the reaction mechanism parallels that for base-cata¬ 
lyzed hydrogen exchange. Since the most acidic hydrogen is replaced, 
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the substitution pattern differs from other electrophilic substitutions. 
Removal of the proton from the ring in the first step was shown to be 
rate-determining in a study of the kinetic isotope effect in lithiation of 
thiophene (55AK343). Though there are numerous examples of this reac¬ 
tion, relatively few have involved quantitative reactivity data, interest 
centering upon the position of lithiation, particularly in substituted het¬ 
eroaromatics. Much work has been carried out in this direction with 
thiophenes [53JA3697; 54AK361, 54JOC70; 58AK269.295; 59BAU1925, 
59JGU2003; 60AK309,60AK363,60B A U1700; 62AK( 18)513; 71JOC1053; 
77JCS (PI )887]. The relative reactivities of furan, thiophene, and sele- 
nophene, and the position of lithiation of tellurophene, have also been 
examined [71CHE938; 76ACS(B)605]. 

The positions of ring lithiation of the following compounds have like¬ 
wise been determined: isothiazole (64JCS446,3114), 1-phenylpyrazole 
(58JA6271), 1-substituted imidazoles (71BAU1429 ; 73JOC3762; 77JH 
C517), 4-methylisothiazole (70CJC2006), 4-ary 1-2-methylthiazoles (74JOC 
1192), 1-methyltetrazole (71CJC2139), 2-3W-thiazolthiones (80S800), 2-(2- 
thienyl)thiazole (74BSF2099), benzo[6]furan, benzo[fc]thiophene, benzo- 
[6]selenophene, indole [72CHE13; 73CHE953; 77JCS(P1)887; 84JCS 
(P 1)2839], thieno[3,2-6]pyridine (84JHC785), furo[3,2-c]pyridine (83T 
1777), thieno[2,3-6]pyridine (74JHC355), thieno[2,3-6]pyrazine (80JHC 
1019), imidazo[l,2-a]pyridine (72JHC1157; 83S987), pyrrolo-[l,2-a]py- 
razine, imidazo[l,2-a]pyrimidine, l,2,4-triazolo[l,2-a]pyrimidine (72JHC 
1157), dibenzofuran, dibenz ^-substituted carbazoles (38JOC120; 39 
JA951; 40JA2606; 41JA2479; 43JA1729; 45JA877; 54JA5775), pyridine (40 
JA446; 48JA1037), and pyrazines (68JOC1333; 71RTC513; 74JOC3598). 

B. M AGNESIATION 

The reaction between aliphatic Grignard reagents and aromatics con¬ 
taining an acidic C—H bond results in replacement of hydrogen by MgX 
in the same way that hydrogen is replaced by Li. This is called magnesia- 
tion, and like lithiation, is limited mainly to heteroaromatics since these 
have acidic hydrogens arising from neighboring heteroatoms. The relative 
reactivities of benzothiazole, 1-methylimidazoles, and 1-methylbenzimid- 
azole in this reaction have been studied (69JGU1816). 

C. Mercuriation 

The principle methods of mercuriation involve reaction of an aromatic 
with either mercuric acetate (both in the presence and absence of a protic 
acid), mercuric chloride, or mercuric perchlorate [72MI2( 186)]. The for- 
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mer reactions are the more common and are sometimes referred to as 
acetoxymercuriation and chloromercuriation, respectively. Mercuriation 
has been used to determine the positions of substitution in indole, methyl- 
indoles, benzo[6]selenophene (70CHE254; 71CHE1401; 72CHE18), ben- 
zo[c]selenophene [79CA(91)73755], 9-ethylcarbazole and dibenzofuran 
(36JOC146), pyridine (23CB2223; 32JCS1263; 37USP2085063), pyridine 
1-oxide (58RTC340; 62RTC124), quinoline and isoquinoline (31JPJ542), 
and quinoline 1-oxide (53YZ823; 62RTC124; 69CPB906). 

D. Plumbylation 

Reaction, of aromatics with lead tetracarboxylates leads to substitution 
of a tri(acyloxy)lead group into the aromatic. This reaction takes place 
more readily if the acyl group contains electron-withdrawing groups such 
as halogen. The reaction with thiophene has been examined [58DOK 
(123)295; 74TL853). 


3. Reactions Involving Carbon Electrophiles 

A. Alkylation 

Alkylation is brought about with either an alkyl halide and a Lewis acid 
catalyst, or with an alkene (or alcohol) in the presence of a protic acid. 
Complications include alkylation of nitrogen heteroatoms, coordination 
of the catalyst with heteroatoms, protonation at the heteroatom or else¬ 
where in the ring (which can give rise in the latter case to ring opening), 
polysubstitution, and rearrangement of the products, with respect to both 
the position of the alkyl group and within the alkyl group. 

As a consequence, there have been relatively few quantitative studies 
of the alkylation of heterocycles, and these have mainly involved the in¬ 
troduction of secondary or tertiary alkyl groups, since less severe cataly¬ 
sis is then required. Alkylation under these conditions has been used to 
determine positional reactivities for furan and thiophene (Chapter 6, Sec¬ 
tion 5), benzo[fc]furan (69BAU2446; 71CHE953), benzo[6]thiophene 
[56JOC584; 62JOC2026; 66JOC3093; 72JCS(P1)414], alkylindoles (72T 
L5277; 84JHC1485), and various pyrimidines (74JOC587). Single reports 
describe the ethylation of dibenzofuran (50USP2500732), the pyridylethyl- 
ation of barbituric acid (62JOC174), and the cyanoethylation of indoles 
(56ZOB557) (the last two methods use vinylpyridine and vinyl cyanide, 
respectively, without a catalyst). The methylation of quinoline 
(61BRP845562) and of an activated pyrimidine (62JCS3I72) have been 
described. 
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The relative reactivities of indole, 2- and jV-methylindole, pyrrole, thio¬ 
phene, and furan have been determined in alkylation by a benzenonium 
ion coordinated to iron tricarbonyl (73CC540). The effects of methyl sub¬ 
stituents in pyrrole were determined in alkylation by 4-(iV,jV-dimethyl- 
amino)benzaldehyde [76JCS(P2)696]. In neither of these methods, nor in 
the alkylation of indole by aziridinium tetrafluoroborate [67AG(E)178], 
nor in self-alkylation of a X 5 -phosphorinyl tetrafluoroborate [73AG 
(E)753], is a catalyst required. 

B. Haloalkylation and Hydroxy alkylation 

Haloalkylation involves a more reactive electrophile than in alkylation 
and so weaker Lewis acid catalysts such as zinc chloride may be used. 
Moreover the entering substituent contains an electron-withdrawing 
group so the tendency for further reaction is diminished. Both these ad¬ 
vantages have resulted in haloalkylation being more widely studied than 
alkylation. The most common reaction is chloromethylation using formal¬ 
dehyde and hydrogen chloride (the hydroxymethyl compound is the ini¬ 
tial product with chlorine replacing hydroxyl in a subsequent fast step); 
bis(chloromethyl) ether/protic acid has also been used. 

These reagents were employed to determine isomer yields in chloro¬ 
methylation of various thiophenes (e.g., 42JA477; 47JA1549; 60CCC1058; 
62CCC372, 62MI2; 71CHE1265), 1,2,5-thiadiazole (74CC585), 2,1,3- 
benzothiadiazoles (64JGU2491), dibenzofuran [73CA(78)84153], dibenzo- 
thiophene (76BAU2609), and uracils (60JA991), and reactivity orders in 
isoxazole and derivatives (57ZOB3210; 58ZOB2376). 

Isomer yields have been determined in the chloroethylation of some 
thiophenes (62MI2). Hydroxymethylation has been used to determine the 
position of substitution in indole (51G613). 

C. Aminoalkylation 

Aminoalkylation has advantages similar to those of haloalkylation. 
Aminomethylation has been used to determine positional reactivities in 
hydroxypyridine N-oxides (72JOU416; 74BAU2023), hydroxy-2-pyri- 
dones (71BAU2222), and pyrimidines (60JA991; 79BAU633; 82CHE297; 
83CHE1008). 


D. Cyanoethylation 

The electron-withdrawing ability of the cyano group facilitates alkyl¬ 
ation by a primary alkyl group through effectively increasing the reactiv- 
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ity of the electrophile. Cyanoethylation has been used to determine the 
isomer yields for indole and 2-methylindole (56ZOB557). 

E. Acylation 

The electrophile in acylation is generally more reactive than that in 
alkylation, and the electron-withdrawing property of the substituent 
means that further substitution is retarded. In consequence, acylation has 
been widely studied, and under a variety of conditions. Those used in 
formylation differ from those employed in most other acylations, so for- 
mylation is considered separately. 

a. Formylation 

This is generally carried out with POCl 3 /DMF (Vilsmeier formylation 
involving the electrophile [Me 2 NC + HCI]P0 2 Cl 2 ~) and has been used in a 
large number of studies of the positions of substitution in thiophene and 
derivatives (Chapter 6 Section 7.A), pyrroles, and various alkylpyrroles 
[70JCS(C)2563]. It has also been used to determine the relative effects of 
1- and 3-methyl substitution in pyrrole [84JCS(P2)1179, 84JCS(P2)1607]; 
substituent effects in indoles [72CC427; 77CA(86)171800]; the position of 
substitution in various alkyl- and arylpyrazoles (57JCS3314; 59JCS1819; 
61JCS2733; 73JOU840), pyrimidines (65M1567; 71CPB215,1216, 71JHC 
445; 73CPB260), indolizine and 5-methylimidazo[ 1,5-a]pyridine (75JHC379), 
dibenzothiophene (69AJC1963), and benzo[</,e]cinnolines (81JOU2I83); 
and the relative reactivities of thiophene, thieno[3,2-6]thiophene, 
selenolo[3,2-6]thiophene, and selenolo[3,2-6]selenophene [80CS( 15)206]. 

A-Methyl-A-phenylformamide has been used as an alternative amide 
in determination of the relative reactivities toward formylation of thio¬ 
phene and selenophene (73JGU871). 

Phosgene (COCl 2 ) has also been used instead of phosphoryl chloride, 
and this gives rise to a more reactive electrophile. Thus kinetics are first 
order in all the aromatics (thiophenes) examined [74JCS(P2)1610], 
whereas with phosphoryl chloride kinetics are first order only for reaction 
with thiophenes of moderate reactivity; with reactive aromatics (2-me- 
thoxythiophene) the reaction becomes zeroth order in aromatic because 
formation of the electrophile is then rate-determining [72JCS(P2)2070]. 
Formylation with phosgene has been used to determine the relative reac¬ 
tivities of thiophene and selenophene [73JCS(P2)2097], and the activation 
effects of a 2-methyl group in selenophene and tellurophene (77G339). 
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b. Other Acylations 

Acylations are usually carried out either with an acid anhydride in the 
presence of a protic or Lewis acid, or with acyl halide in the presence of 
a Lewis acid. Use of a Lewis acid may lead to problems arising from 
coordination of the catalyst with heteroatoms in the substrate, and/or the 
ketonic product which has a greater electron density on the carbonyl oxy¬ 
gen than in the starting reagents. Steric hindrance to acylation is consider¬ 
able and also dependent upon the size of the Lewis acid. Hindrance is 
greater toward acetylation than toward benzoylation because the degree 
of coordination between the acylating agent and catalyst differs 
[72MI2( 181)]; acylation of substituted thiophenes demonstrates both fea¬ 
tures (73T413). For reaction with heteroaromatics, anyhdrides are the fa¬ 
vored reagents. Vilsmeier-Haack acetylation uses POCl 3 //V,/V-dimethyl- 
acetamide (the electrophile here being considerably less reactive than that 
in formylation). This reagent has been employed to study acetylation of 
thiophene [74JCS(P2)1610], and positional reactivities together with a 
range of substituent effects in indole and carbazole [77JCS(P2) 1284]. 

Acetylation has been used to determine the relative reactivities of 
benzene, dibenzofuran, dibenzothiophene, thieno[3,2-b]selenophene 
[80CS( 15)206], tellurophene, selenophene, thiophene, and furan (includ¬ 
ing partial rate factors for the last two molecules) [67T1739; 69AC(R)787, 
69T4599; 70JCS(B)1153; 71TL3833; 73JCS(P2)2097]; the reactivity of fu¬ 
ran is however abnormally low because of coordination with the Lewis 
acid catalyst. Coordination also adversely affects the reactivity of pyrrole 
(67CJC897, 67MI4), but acylation can be achieved without a catalyst in 
view of the high reactivity of pyrrole (67MI4). 

Various acylations have been used to determine the effects of substitu¬ 
ents in thiophene (47JA3093; 55JCS21; 55JA4066; 67T1739; 70ACS99; 
72ACS1851; 73CHE447, 73T413; 75CJC1; 77TL389), furan [73BSF1760; 
72CR(C)(275)49], and indole (47JCS1631; 63JOC2262); and the isomer 
ratios in arsabenzene (78TL2537); indole (72CC77); benzimidazoles 
(77LA145); dibenzothiophene (38JA2628); carbazoles [35JCS741; 
63CA(58)2422c,d; 74CA(81>168829; 75CA(82) 16654; 76T2595]; thieno[3,2- 
/Iquinoline [70JCS(C)2334]; thieno[2,3-6][l]thiophenes [71JCS(C)463, 
71 JCS(C) 1308] ;4//-furo[3,2-6]indole (78J HC123); 1 H, 5H-py rrolo[2,3-/]in- 
dole and 3//,6//-pyrrolo[3,2-c]indole (83CHE871); pyrrolo[l,2-a]benzimi- 
dazole [67CHE723; 69CA(70)68249]; selenolo!2,3-6][l]benzothiophene, 
thieno[2,3-b]l 1 ]benzoselenophene [76CA(84) 135510], 1 -methyl! 1 ]ben- 
zofuro!3,2-Z?]pyrrole, and its thieno-, selenolo-, and [2,3-6]analogues 
(83JHC61); 2,3-dimethylthienofurobenzene (65BSF1473); 2-aryicyclo- 
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hepta[4,5]pyrrolo[l,2-a]imidazole [84JCR(S)390]; and 6-aminouracils 
[23CB2482; 58LA(612)173; 72JOC578]. Isomer ratios and partial rate 
factors for benzo[/>]furan and benzo[6]thiophene [64JCS173; 71JCS- 
(B)79; 73JCS(P2)1250; 78JCS(P2)1053; 80CA(92)215176], and substituent 
effects in both molecules [52JA766,2185; 60T(10)215; 61BSF1534, 
61JOC359.363; 64BSF1525; 65BSF1473, 65NKZ99,637,643, 65NKZ1067; 
67BRP1058468 ; 67JCS(C)2084, 67M2039, 67NKZ751; 70AHC(11)327, 
70BCJ3496, 70BSF3601; 78JCR(S)10; 79JHC1029; 82JHC279; 84JHC- 
177], have likewise been determined. 

The differences in steric hindrance in five-membered rings compared 
to benzene have been demonstrated in acetylations of alkylthiophenes 
(71T4667). 

Benzoylation of /V-arylpyrazoles takes place sufficiently readily that no 
catalyst is required (1889G128; 26CB611; 60ZOB203). Benzoylation has 
been used to determine partial rate factors for dibenzofuran 
(77NKK1518), and the position of substitution in imidazoles (77LA159; 
78S675) and dibenzofurans (54JA6407 ; 72NKK387; 73NKK1505; 
74NKK1708; 80S139). 

Chloroacetylation has been found to be slower than acetylation for re¬ 
action of activated thiophenes, but behaves normally (i.e., is faster than 
acetylation) in reaction with deactivated thiophenes. The former result 
arises from coordination of the HA1C1 4 co-product with the aromatics 
(75JOU412). Various haloacylations of indoles have been reported 
(73T971; 84H241). 

Trifluoroacetylation with trifluoroacetic anhydride is sufficiently rapid 
that no catalyst is required; acetyl trifluoroacetate may also be used but 
is accompanied by acetylation, which tends to be the main reaction. The 
former reagent has therefore been used to determine partial rate factors 
(relative to thiophene) for a range of substituted thiophenes 
[72JCS(P2)71]; the relative reactivities of thiophene, furan, pyrrole, tel- 
lurophene, and selenophene, [69T4599; 71CC1441; 73JCS(P2)2097; 
77JCS(P2) 1284]; the effects of 2-methyl substituents in the latter two mol¬ 
ecules (77G339); and partial rate factors (relative to either furan or pyr¬ 
role) for a range of substituted furans and pyrroles, respectively 
[72JCS(P2)71; 73BSF1760]. Positional reactivities in indole (76T2595) and 
6-methylpyrrolo[2,l-6]thiazole [66JCS(C)1908] have been determined us¬ 
ing trifluoroacetic anhydride, and in furan and thiophene using acetyl 
trifluoroacetate [70JCS(B)1153; 71TL3833]. 

Cyanoacetylation also involves a more reactive electrophile, and this 
reaction has been used to examine reactivity patterns in indoles 
(80CB3675). 
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c. Alkoxycarbonylation 

Reaction of imidazole with chloroformates in the presence of triethyl- 
amine produces 2-carboxylates (78S675). 

4. Reactions Involving Nitrogen and Phosphorus Electrophiles 

A. Nitrosation 

The products of nitrosation tend to be unstable and to rapidly oxidize 
to the nitro derivative, and the electrophile is rather unreactive. This has 
limited studies mainly to a few reactive azoles: a kinetic study has been 
made of nitrosation of a range of substituted indoles [73JCS(P2)918], 
and the position of nitrosation determined in 2-phenyl-3-substituted 
indoles [84JCS(P2)165], 6-methylpyrrolo[2,l-fc]thiazole [66JCS(C)1908], 
and 6-(2'-furyl)imidazo[2,l-fc]thiazole (72CHE1223). The reaction with 
pyrimidines containing very strong substituent activation has also been 
examined [44JCS315; 54YZ674; 58LA(612)158; 60MI1; 64JCS1001; 
66LA(691) 142; 71TL851; 78H247; 82CPB3392], 

B. Diazonium Coupling 

This reaction involves an unreactive electrophile, due to delocalization 
of the positive charge from nitrogen into the aryl ring. Consequently, 
there are reports of diazonium coupling only for reactive heteroaromat¬ 
ics, the reactivity being enhanced in some cases by the presence of 
strongly electron-releasing groups. 

A detailed kinetic study has been made of the coupling of phenyldia- 
zonium ion with a wide range of methylpyrroles, which showed that the 
neutral pyrrole species was involved [77JCS(P2)1452]; likewise, reaction 
of p-nitrophenyldiazonium ion with indoles also involved the neutral mol¬ 
ecule (57JCS2398). Studies of the position of diazonium coupling have 
also been carried out with 6-phenylimidazo[2,l-6]thiazole [77HC(30)1], 5- 
benzyl-3-hydroxypyridine 1-oxide (74BAU2023), pyridazine-3,4-17/,27/- 
diones (70JPR591), activated pyrimidines (83AJC1659), 3-hydroxyquino- 
line, and 4-hydroxyisoquinoline (72BAU452). 

C. Phosphonylation 

A diamide of methylphosphonic acid [MeP(0)(NBu 2 ) 2 , a phosphono- 
amidate] has been shown to lose the methyl group and substitute into 
indole (80JGU618); there are no other reports of this reaction. 



68 


4 . OTHER REACTIONS 


[Sec. 5.B 


5. Reactions Involving Oxygen and Sulfur Electrophiles 

A. Hydroxylation 

The only example of the quantitative study of the electrophilic hydrox¬ 
ylation of a heteroaromatic concerns quinoline [54JBC(208)741]. 

B. SULFONATION 

Sulfonation is an important electrophilic substitution, especially from 
the preparative viewpoint. Not only are many products important per se, 
but the bulky sulfonic acid group is valuable for blocking sites in a mole¬ 
cule. This obliges further substitution to take place elsewhere, the loca¬ 
tion depending upon the electronic directing effect of the group. The sul¬ 
fonic acid group is then readily removed by reaction with hot dilute acid 
(protiodesulfonation), the ease of this reaction being to a considerable 
extent due to the weak C—S bond, itself arising from steric interactions 
between the group and the aromatic ring. However, the bulk of the sul¬ 
fonic acid group also means that substitution patterns in sulfonation are 
very poor indicators of the intrinsic site reactivities, and there are 
therefore few quantitative reactivity data for heteroaromatics. Moreover, 
steric hindrance between the sulfonic acid group and the aromatic 
ring causes many products to be thermodynamically unstable, so that 
they tend to rearrange to less hindered products; this is especially 
true for compounds with the sulfonic acid group in a-naphthalene-like 
positions. 

A variety of electrophiles are probably involved in sulfonation by sulfu¬ 
ric acid, but the principal ones are HS0 3 + in more weakly acidic media, 
and S0 3 in stronger media, especially oleum; these electrophiles may also 
be solvated by one or more sulfuric acid molecules. These are very reac¬ 
tive electrophiles so that all classes of heteroaromatics should, in princi¬ 
ple, undergo substitution. However, the strong acid conditions frequently 
result in protonation of the heteroatoms, thereby drastically reducing the 
reactivity of the heteroaromatic. One way to avoid this is to use S0 3 in 
an aprotic solvent, pyridine being especially suitable since it removes any 
sulfuric acid produced by the presence of adventitious water; the reagent 
under these conditions is Py:SO,. Coordination of the S0 3 to substrate 
heteroatoms may occur, but such coordination is usually less strong than 
to pyridine. Sulfonation may also be accomplished using chlorosulfonic 
acid, or, less commonly, fiuorosulfonic acid. 

The strength of the electrophiles in sulfonation is such that other sub- 
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stituents are sometimes cleaved, examples being found in sulfodebutyla- 
tion of 3-/-butylthiophene (56BAU627) and sulfodeacylation of 5-alkyl-2- 
acylthiophenes (1886CB660,1886CB2623; 1896CB2560). 

There have been many reports of the isomer yields in sulfonation 
of thiophene and derivatives [24LA(437)14; 33LA(501)174; 48MI2; 
51ZOB1524; 52JGU189; 53JGU263, 53MI1; 54CB1184; 56BAU627; 
60BSF793; 80URP707916], likewise in pyridine, its A-oxide, and deriva¬ 
tives (42CB1108; 43JA2233; 53JA3865; 55JA2902; 58RTC963; 59RTC586; 
66JA986; 75CHE745); and various quinolines [ 1870LA( 155)311; 1882C- 
B683,1882CB1979; 1887CB731; 1888JPR258; 54USP2689850; 61USP- 
2950283; 72BAU404,72BAU406]. The quinolines in particular show ther¬ 
modynamic stability effects. 

The positions of sulfonation have also been examined for the following 
compounds; furan (49ZOB531; 54JOC894), benzo[/?]furan (53CA10519c), 
dibenzofuran (49JA1593), selenophene (64JGU1814,2201), benzo[/b]thio- 
phene [34CR( 198)2260], dibenzothiophene 1,1-dioxide [79JCS(P2)224], 
pyrroles (49ZOB538,1365,2118; 51ZOB281), indoles (51JGU1415; 
73T669), carbazole (49CA6205f; 50MI1), phenyloxazoles (53GEP869490; 
55GEP926249; 63JCSI363), dialkyloxazoles (40G1,11), isoxazole 

(59ZOB535), methylisothiazoles [63AG(E)714; 65JCS7283], 2,4-dimeth- 
ylselenazole (48YZ195), imidazoles (24JCS919; 27JCS2711; 57JA2188), 
pyrazoles [ 1894LA(279)217], benzoxazolone (41JA879), 2-alkylbenzimi- 
dazoles (75ZPK2241), indazole (50BSF466), 2,1,3-benzothiadiazoles 

[64CA(60)10670g; 64JGU1265], naphtho[l,2-c]-2,l,3-oxadiazole (73CHE- 
1331), amino- and hydroxypyrimidines (54JCS4206, 54JGU2212; 56JA401; 
59JA5166; 61JOC3863; 63JOC1994), acridizinium ion (66JOC565), phenan- 
thridin-6-one (57JA5479), quinoxaline-2,3-dione and methyl derivatives 
(64JAP26975 ; 66BRP1043042), 1,10-phenanthroline (61AC867), phenazine 
(50G651), coumarins (23CB480; 28JIC433; 57JIC3545; 57JOC884), and 2- 
methylchromones (56JOC1104). 

C. Chlorosulfonation 

Chlorosulfonic acid produces both sulfonation and chlorosulfonation, 
the balance depending upon conditions and the nature of the aromatic. 
The first-formed sulfonyl chloride may then react further to give, as a 
final product, the diaryl sulfone. Reports have been limited to reactions of 
thiophenes containing electron-withdrawing substituents [34LA(512)136; 
55JA3410; 60BSF793; 8IJMC959, 81PS111], some phenyloxazoles 
(53GEP869490; 55GEP926249; 63JCS1363), and dimethylbenzo[6]thio- 
phenes [74CA(81)105154; 76CA(84)89931]. 
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D. SULFENYLATION 

Sulfenylation involves substitution of the SR group into an aromatic 
ring and is accomplished with a sulfenyl halide RSX, with X usually chlo¬ 
rine. The most common variation employs sulfur dichloride as reagent, 
the products being a diaryl sulfide. The electrophile is rather unreactive, 
and studies with heteroaromatics have been limited to reaction of SC1 2 
with 2-pyridone (64ACS269), and CF 3 SC1 with N-methyl-2-thiomethylim- 
idazole (75JHC597) and with substituted indolizines (81JFC67). 

E. Thiocyanation (and Selenocyanation) 

Thiocyanation is very closely related to sulfenylation, the group SCN 
being introduced into the aromatic ring, usually by reaction with thiocy- 
anogen [S(CN) 2 ], The electrophile here is also rather unreactive and there 
are studies only of thiocyanation of substituted indoles (60JA2742) and 
carbazoles [73CA(78) 111049; 77CA(87)151948; 78CA(88) 152349]. 

Selenocyanation has been used only in the reaction with indole 
(63ACS268). 


6. Halogenation 

Halogenation has been carried out using a wider range of reaction con¬ 
ditions than any other electrophilic substitution and most of these have 
been used in studies of the reactivities of heteroaromatics. Conditions 
may be divided roughly into those in which the halogen is virtually fully 
polarized (positive halogenation), and those in which it is slightly polar¬ 
ized (molecular halogenation). The former conditions are found in acidi¬ 
fied hypohalous acids, and probably in mixtures of halogens and Friedel- 
Crafts catalysts. Molecular halogenation applies in mixtures of halogen 
and various solvents, and in some of these there may be a substantial 
degree of coordination between the halogen and solvent. The spread of 
reactivities in positive halogenation is much less than in molecular halogen¬ 
ation. The order of reaction in halogen may be greater than 1.0 for mo¬ 
lecular bromination [an example being the bromination of substituted 
benzo[6]furans (74BCJ1267)], and this order may differ according to the 
reactivity of the aromatic substrate, so it is necessary to check for this 
when determining relative reactivities. Halogenation may be accompa¬ 
nied by addition, particularly for those heteroaromatics (e.g., furan) 
(67BCJ130) that have highly localized bonds. The v/c-dihalo products 
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thus obtained may then undergo elimination of hydrogen halide to 
give the normal substitution product, albeit via a different mechanism. 
Side-chain substitution also frequently accompanies ring halogenation 
[e.g., in chlorination of 2,3-dimethylbenzo[6]thiophene) [68JCS(B)397; 
76JCS(P2)266]]. In some instances halodehalogenation occurs, and the 
displaced halogen enters another position of the heteroaromatic [e.g., in 
chlorination of 3-bromobenzo[6]thiophene (73IJS233)]. 

The positional reactivities may differ substantially for each halogen in 
view of their differing sizes. For example, 1,2-disubstitution is likely to 
be more prevalent in chlorination than in bromination. A common method 
of reducing disubstitution is to use an AMialoamide in a polar acidic sol¬ 
vent. This produces a small equilibrium concentration of halogen elec¬ 
trophile and prevents a large excess of halogen and hence disubstitution. 
Examples are the bromination of pyrrole (81JOC2221), 3-phenylindole 
(74T2123), and cyclazines (72ACS624; 73ACS2421) with N-bromosuccini- 
mide (NBS), and of thiophene with /V-bromoamides [19LA(426)61; 
44LA(556)1; 51MI2; 52MI2]. The differing selectivities of molecular chlo¬ 
rination and molecular bromination also mean that the latter gives a 
higher relative yield of the most abundant isomer when mixtures of prod¬ 
ucts are obtained [e.g., in halogenation of benzo[6]thiophene 
[71 JCS(B)79]]. 

Other molecular brominating reagents used for heterocycles include 
dioxane dibromide (54JGU1251; 73CHE95; 78JHC123), potassium 
bromate/hydrogen bromide (82BAU2104), 2,4,4,6-tetrabromocyclohexa- 
2,5-dienone [72JCS(P2)2567; 73JCS(P1)68], l,3-dibromo-5,5-dimethylhy- 
dantoin (51MI1), bromine alone (46JA453; 71BAU2108; 80JHC1399), bro¬ 
mine in dimethylformanide (DMF) [72JCS(P2)2567], pyridine [67KKZ63; 
77CS( 12) 1 ], carbon disulfide (47JA1920), nitrobenzene (73JHC153, 
73JHC409), chloroform [61CPB414; 71BAU2108; 73JOU2216; 

80JCR(S)201], carbon tetrachloride (68JOC1384; 83JOC1064), water 
(47JPJ87; 60JOC1916; 63JCS1276; 67CPB1411; 78CPB3884), alcohols 
[74CA(80)3443; 75CPB923], hydrogen bromide (63JCS2203; 64JCS2760; 
65JOC526), aqueous sodium methoxide (54ZOB488), or acetic acid 
[54JCS4142; 64TL2093; 65RTCU01,65T945; 66ACS1448; 70JCS(C)2334, 
70CPB1680; 72ACS624; 73ACS2421). Ethyl bromide in dimethyl sulfox¬ 
ide (DMSO) (65T945) probably involves the intermediate formation of 
Me 2 SBr 2 . Bromine in thionyl chloride or sulfur monochloride has also 
been used, but the mechanism may not be a normal electrophilic substitu¬ 
tion (60JA4430). For chlorination of unreactive heteroaromatics, (e.g., 
pyrazines and pyrimidines), both SOCl 2 /DMF and P0C1 3 /PCI 5 have been 
used [67JCS(C)1922; 72JCS(P1)2004], 

Positive halogenation (e.g., HOBr, 90% aqueous dioxane) has been 
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used to determine the relative reactivities of thiophene and selenophene 
[70JCS(B)43], of substituted pyridines (74JOC3481; 76JOC93), and (using 
C1 2 /A1C1 3 ) the reactivities of furans and thiophenes with substituents con¬ 
taining carbonyl groups (70BAU2592; 71BSF238; 72CHE541; 

73BAU2666; 76JHC393), though here the product distribution depends 
substantially on the extent of coordination between the aluminum halide 
and the substituent. Chlorine in the presence of iron has been used to 
determine the positions of substitution in dibenzofuran (55JOC657). A 
positive bromination species is present in a mixture of bromine-silver 
sulfate-sulfuric acid (71BAU2687). This has been used to show that bro¬ 
mination of 2,5-diphenyloxazole under these conditions occurs on the 
free base (71JOU1835), and to determine the position of substitution in 
pyridine 1-oxide (62T227), quinoline (60JCS561), isoquinoline (59M11), 
quinoxaline-2,3-diones (62JCS1170), and benzo[c]cinnoline [79JCS 
(PI) 1503]. Fairly polar electrophiles are probably involved in bromination 
with cyanogen bromide [22LA(430)79], or with bromine in sulfuric acid/ 
oleum (62RTC864, 62T227). The latter have been used to examine the 
reactivity of bromopyridine 1-oxides (62RTC864), methylpyridines 
(65RTC951), 1,5-naphthyridines (63RC1589), 2,6-dimethylpyridines 
(70RC779), aminopyridines [70JCS(B)U7], and benzo[l,2-d:4,5-<f ]diimi- 
dazole (52JGU1069), and the relative reactivities of 3,5-dihydroxy-l,2,4- 
triazine and uracil (76JOC4004). Likewise Clj/HjSC^ has been used for 
the chlorination of 2-aminopyridine (76JOC93). 

Molecular bromination and/or chlorination has been used to determine 
the reactivities of thiophene (65T843), selenophene [70JCS(B)43], furan 
(70TL1389), and pyrrole [68JCS(B)392]; rates or partial rate factors (rela¬ 
tive to thiophene) of a range of substituted thiophenes [70JCS(B)848; 
71AHC(13)235; 74CC333; 81IJC(19A)1183], thieno[3,2-*>]thiophene, sele- 
nolo[3,2-Z>]thiophene, and selenolo[3,2-/>]selenophene [80CS( 15)206]; and 
partial rate factors (relative to benzene) of benzimidazole and indazole 
[78J(P2)865], and of A-acetylcarbazole [66JCS(B)521]. They have also 
been used to determine the positions of substitution of various substituted 
thiophenes (67JOC463; 68JOC2902); furans and pyrroles (65JCS459); 
2,1,3-benzothiodiazole (63JGU223); benzotriazole (75JOU889,902); naph- 
tho[l,2-c]-l,2,5-oxa- and -thiadiazole (73CHE1331); pyrrolo[ 1,2-a]qui- 
noline [67JCS(C)1164; 68JCS(C)2848]; thieno[2,3-/>][ 1 ]benzothiophene 
and thieno[3,2-Z»][ 1 ]benzothiophene [71JCS(C)1308]; selenolo[2,3-/>][l]- 
benzothiophene, thieno[2,3-Z>][ 1 ]benzoselenophene, and their [3,2 -b] 
isomers [76CA(84) 135510]; l-benzoyl-4ff-furo[3,2-/>]indole (78JHC 
123); benzothieno[3,2-</|pyrimidine (80JHC1399); thieno[2,3-/»]quinoline 
[80JCR(S)201]; thieno[3,2-/]quinoline [70JCS(C)2334]; *-triazolo[3,4-a]iso- 
quinoline [74CA(80)3443]; naphtho[l,2-t/]imidazole (54ZOB488); 1-ben- 
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zoyl-4//-furo[3,2-6]indole (78JHC123); benzo[l ,2-rf:3,4-</']diimidazole 
(73CHE95); dithienobenzene [77CS( 12)97]; 2-arylcyclohepta[4,5]pyrro- 
lo[l,2-a]imidazole [84JCR(S)390]; l//-thieno- and selenolo-[3,2-</]pyra- 
zoles (73JOU2216); 2//-thieno[4,3-6]pyrazole [77CS(12)1]; 2-quinoxali- 
none (63MI2); and various pyrimidinones (79JOC3256; 81JOC4172). 

Molecular bromination has been used to determine the positional reac¬ 
tivities in oxazole [59LA(626)83,92], thiazole (34RTC77), imidazole 
[28JPR( 118)33], isoxazole (60G356), isothiazole [63AG(E)714; 64CI 
(M)207; 72AHC(14)17], pyrazole [66AHC(6)391], 1,2-benzoisothiazole 
[80JCR(S)197], as well as furazane (74JHC813), 2- and 4-pyridone, 3-hy- 
droxypyridine (50RTC1281; 82JA4142; 83CJC2556), and various of their 
derivatives. Among these the phenyl derivatives [and also those of thio¬ 
phene (67JOC463; 68JOC2902; 72ACS1851), 1,2,3-triazole (63CJC2380)], 
and pyrrolo[2,l-6]thiazole [77HC(30)1]] have attracted considerable 
interest, partly because the relative reactivities of the phenyl and hetero¬ 
cyclic rings give a very rough indication of the relative electrophil¬ 
ic reactivities of the heteroaromatic to that of benzene. This method 
has also been used to determine the qualitative relative reactivities of 
thiophene and pyrazole, through bromination of thienylpyrazoles 
[80CS(15)102], and of imidazole and imidazo[l,2-a]pyridine (which reacts 
as the neutral species) (74AJC2349). Bromination has been used to deter¬ 
mine the effect of silver complexing upon the relative reactivities of each 
ring in 4-chloromethyl-2-phenylthiazole (74ACH381). 

Iodination involves a less reactive electrophile, with the transition state 
being commonly regarded as being nearer to the Wheland intermediate 
and the second step of the reaction becoming partially rate determining. 
A substrate kinetic isotope effect is therefore usually observed (e.g., in 
iodination of indole) [68AC(R)1435], 

Iodination can be complicated by the hydrogen iodide co-product, 
which, being the strongest of the halogen acids, can cause protolytic 
cleavage of heteroaromatic rings. This may be avoided by adding mercu¬ 
ric oxide, which removes the acid as it is formed. I 2 /HI0 3 /H0Ac, IC1, 
and I 2 in 50% aqueous HOAc have also been used in various studies 
[I884CB1558; 430SC357; 60LA(634)84; 71MI2; 82IJC(A)417], the latter 
conditions in determination of partial rate factors (relative to thiophene) 
for iodination of 5-halothiophenes [82IJC(A)4I7], 

Iodination has been used to assess the effect of Ni(II) complexa- 
tion upon the reactivities of pyrazole and imidazole (66JA5537; 72JA- 
2460), which curiously are opposite in effect. Iodination has been used to 
determine the relative reactivities of pyrazole and its anion (conjugate 
base) (67JA6218). Under alkaline conditions, pyrazole reacts as the anion 
which is so reactive that it may be tribrominated [55LA(593)I79; 
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74FRP2193823]. Results for iodination of substituted indoles [69AC 
(R)799] reveal that substituent effects are poorly transmitted between the 
benzenoid and heterocyclic rings. Iodination has been used to determine 
the position of substitution in 2-benzyl-2-hydroxypyridine and its A-oxide 
(75CHE478), in 3-hydroxypyridine 1-oxides (66RC1875; 74BAU2023), 
and in amino- and hydroxypyrimidines (62CCC2550; 84S252). 

Fluorination of aromatics with fluorine usually occurs explosively fast. 
However, pyrimidin-2(l//)-ones have been successively fluorinated by 
fluorine in acetic or hydrofluoric acids (77CCC2694), and 5-substituted 
barbiturates by perchloryl fluoride (79JOU357). 


7. Reactions Involving Replacement of One Substituent 
by Another 


A. Lithiodehalogenation 

The replacement of halogen in aromatics by lithium is an electrophilic 
substitution, but, like lithiation, it involves entry of lithium in a fast step, 
so that the normal substituent effects of electrophilic substitution do not 
apply. Relative rates of lithiodehalogenation have been determined for 
some alkylbromothiophenes [74CS(5)217], the positional reactivity orders 
determined in pyrimidine (65ACS1741), and site reactivities examined for 
bromopyridines (46JA103; 51JOC1485 ; 52JA6289; 55RTC1003), 5-halo- 
pyrimidines (56JA2136; 59T225; 65ACS1741), and pyrazines (65JHC209). 


B. IODODEBORONATION 

Rates of cleavage by iodide of B(OH) 2 from thiophene have been deter¬ 
mined (65AJC1527); there are no other reports of this reaction for 
heteroaromatics. 


C. Other Reactions 

There have been reports for the following reactions on thiophene, 
but none lead to rate or relative rate data: alkyldelithiation, acyldelithia- 
tion, carboxydelithiation, silyldelithiation, acyldemagnesiation, acylde- 
zincation, acyldecadmiation, acyldemercuriation, halodemercuriation, 
halodethalliation, bromodealkylation, nitrodeacylation, sulfodealkyla- 
tion, bromodeacylation, mercuridecarboxylation, halodenitration, mer- 
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curidesulfonylation, acyldehalogenation, nitrodehalogenation, and sulfo- 
deiodination [86HC(44,2)1]. In addition, there have been reports of nitro- 
deacylation accompanying nitration of 4//-pyrroIo[ 1,2-a]benzimidazole 
[71CA(74)76367], and acyldesilylation accompanying acetylation (but not 
chloroacetylation) of 4-trimethyIsilylindole (84JOC4409). 
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Chapter 5 


Reactions Involving Formation of Carbocations 
at Side Chain a-Positions 


The reactivity of an aromatic ring toward an electrophilic reagent is 
usually measured by the ease with which it stabilizes the transition state 
arising from electrophilic attack [e.g., Eq. (5.1)]. An alternative quantita¬ 



tive measure is provided by the degree to which it stabilizes a carbocation 
formed at the a-position of a side chain [Eq. (5.2)]. This latter method 



was introduced by H. C. Brown (58JA4979), who used, as a standard 
reaction, the S N 1 solvolysis (in aqueous acetone) of 2-aryl-2-chloropro- 
panes [Eq. (5.3)]. The substituent reactivity parameters determined in 
this reaction were designated ct + and were found to apply to a wide range 
of electrophilic substitutions (63AP035). 

ArCMe 2 CI ;S± ArCMe, + + + Cl^ ArCMe 2 OH (5.3) 

The method can clearly measure not only the effect of a substituent 
upon the reactivity of benzene as outlined above, but also the reactivity 
of a different aromatic system, by placing it instead of the substituted 
benzene in, for example, Eq. (5.2). This method was introduced by Tay¬ 
lor (62JCS4881), who used, however, a different reaction, the pyrolysis 
of 1-arylethyl acetates (described below): This was the first application to 
the determination of heterocyclic reactivities. 

The solvolysis reaction has certain disadvantages. First, the 2-aryl-2- 
chloropropanes are often too reactive to be prepared in the pure state 
(because of easy thermal elimination of hydrogen chloride or self-conden- 
sation) and so have to be generated in situ from the corresponding alcohol 
and hydrogen chloride. Second, the reaction is carried out in a strongly 
solvating medium, and differential steric hindrance to solvation at various 
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positions in the ring can cause the substituent to appear to be less elec¬ 
tron releasing than is in fact the case [75JCS(P2)1463; 77JCS(P2)678; 
78TL267; 82JCS(P2)181, 82JCS(P2)187]. Thirdly, the opportunity for hy¬ 
drogen bonding may affect the reactivity of, in particular, nitrogen-con¬ 
taining heterocycles. The importance of steric hindrance to solvation is 
as yet relatively unexplored with regard to this type of heterocyclic reac¬ 
tivity, since few substituent effects have been determined via solvolysis. 
By contrast, hydrogen bonding is known to be a factor affecting the rela¬ 
tive reactivity of heterocyles (many of which are, of course, water soluble 
for this very reason) in other reactions. 

A reaction which overcomes the above deficiencies in the solvolysis 
technique is the pyrolysis of 1-arylethyl acetates [Eq. (5.4)]. This takes 



6 + 


Ar.CH-qH 2 



ArCH=CH 2 

MeC0 2 H 


(5.4) 


place in the gas phase, so there are no complications from solvation or 
hydrogen bonding. The reaction is semiconcerted, and proceeds via the 
partial formation of a carbocation at the side-chain a-position, and indeed 
gives an excellent correlation with o + values (Fig. 5.1). Deviations in Fig. 
5.1 are in each case due to solvation factors affecting the corresponding 
solution data. Other esters may be used for determining heterocyclic re¬ 
activities (e.g., carbonates) [79JCS(P2)624], but the appropriate p factor 
for the ester type must first be determined. The solvolysis of esters [e.g., 
acetates (69JA7381) or p-nitrobenzoates (72JOC2615)] has also been used 
for determining the electrophilic reactivity of heterocycles, and again the 
p factor for reaction of substituted benzenes must first be determined. 
Solvolysis of esters is preferable to solvolysis of the the corresponding 
chlorides, since the former compounds are more stable; it is important, 
however, to be sure that the mechanism remains S N 1 for all the com¬ 
pounds in the series. 

In some cases to be described in the appropriate chapters, the ct + val¬ 
ues determined from the gas-phase and solution reactions differ (as in¬ 
deed they do between different electrophilic substitutions carried out in 
solution). The factors outlined above are at least partially responsible, 
but, in addition, the polarizability of the aromatic needs to be considered. 
Thus, the extent of resonance between the aromatic and the positively 
charged center (be it. an electrophile or side-chain cation) depends upon 
the magnitude of the charge. Yukawa and Tsuno (59BCJ971) introduced 
the most successful means [Eq. (5.5)] of taking this into account. Subse- 
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quently, the more rigorous Eq. (5.6) was introduced (66BCJ2274); Eq. 
(5.6) differs from Eq. (5.5) only in that the magnitude of the resonance 
parameter r' is greater. 

log klk 0 = p[<r + Kcr + - a)] (5.5) 

log klkq = p[cr° + r'(cr + - ct°)] (5.6) 

For solvolysis of 2-aryl-2-chloropropanes, r is 1.0 by definition, and 
this value appears to be approximately correct for pyrolysis of 1-arylethyl 
acetates. Although the magnitude of the charge is smaller in the latter 
reaction, resonance stabilization of this charge by the aromatic is propor¬ 
tionally greater because of the absence of the solvent (63T937). Neverthe¬ 
less, for some very polarizable heterocycles, differences in reactivity be- 
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tween the gas phase and solution due to polarizability effects is evident, 
and is referred to in the appropriate chapters. 


Experimental Technique 

A. Preparative Method 

Both the solvolysis and pyrolysis reactions have one substantial disad¬ 
vantage, which is the need to synthesize each of the required heterocyclic 
derivatives, a process usually requiring many steps. The magnitude of the 
synthetic task in some cases is such that, by comparison, carrying out the 
kinetic studies is a trivial exercise. The general synthetic routes require 
the preparation of either the I-arylethyl alcohol or the 1-aryl-I-methyl- 
ethyl alcohol, and these are then esterified with acetic anhydride, or re¬ 
acted with hydrogen chloride as appropriate. The key intermediates (and 
the ones difficult to prepare) are the aryl halide, the ketone, or the alde¬ 
hyde; the subsequent conversion of these to the corresponding alcohol is 
usually straightforward. 

B. Kinetic Method 


a. Solvolysis 

Progress of reaction has often been followed by titrating the liberated 
acid (e.g., 58JA4979). This is unsatisfactory, particularly with heterocy¬ 
cles, because they will be protonated by this acid, leading to a fall-off in 
reaction rate. More recent methods have therefore used automatic cor¬ 
rection to a constant pH (e.g., 72JOC2615), the progress of reaction being 
determined by the extent of compensation required. 

b. Pyrolysis 

This technique has been used in the majority of studies of heterocycle 
reactivity for the advantageous reasons described above, yet it is less 
familiar to the majority of chemists. A full description is therefore given 
here. 

The reaction has a stoichiometry of 2.0 (or 3.0 if carbonates are used, 
since the alkyl- or arylcarbonic acid instantly decarboxylates). Thus, if 
the reaction is studied under constant volume conditions, the pressure 
will double during the reaction. If a pressure-sensitive device is built into 
the wall of the reactor, then the progress of the reaction can be 
monitored. 
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The esters are high-boiling and cannot be studied using the traditional 
glass apparatus since there are of necessity cold zones in the transfer lines 
and valves (and upon which both the products and reactants condense). 
Moreover, such an apparatus requires all of the compound to be trans¬ 
ferred into the pyrolysis vessel (it must all arrive simultaneously) by flash 
distillation, which is impossible. The problem was overcome by using a 
stainless steel reaction vessel, the whole of which (including the valves 
and pressure detector) is held at the temperature of the reaction 
[68JCS(B)1397; 71JCS(B)255; 86JCS(P2)1581]; the apparatus is shown 
schematically in Fig. 5.2. 

The reactor consists of an ~185-ml stainless steel cylinder, enclosed at 
one end by a stainless steel diaphragm equipped with a platinum contact 
on the outside, and at the other by two stainless steel valves. One of these 
permits evacuation, the other permits direct injection of the ester into the 
vessel through a silicone rubber septum and using a long-needle hypoder¬ 
mic syringe. The septum is enclosed in a perspex dome, through which 
nitrogen is passed so that there is no possibility of oxygen (which acti¬ 
vates the reactor surface) entering the reactor. Nitrogen is also circulated 


within the barrel of the “gas-tight” syringe to counter any failure in this 
respect. The reactor rests in a close-fitting aluminum block with capacity 
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Fig. 5.2 Stainless steel pyrolysis reaction vessel. 
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of ~1 ft 3 , and which is fitted with dual thermocouples to record tempera¬ 
ture, and stainless-steel heater rods operated by a platinum-resistance 
thermometer and temperature controller; the temperature can be main¬ 
tained to better than ±0.PC over several days. This is achieved through 
the high mass of the aluminum block, and the heavy and close fitting insu¬ 
lation which surrounds the furnace. The valve ends which pass through 
the insulation are water cooled to permit handling. 

The kinetic method consists of evacuating the reactor (injection valve 
in the open position) and then closing the evacuation valve. The ester is 
injected through the system directly into the reactor, the hypodermic nee¬ 
dle is partly withdrawn, and the injection valve moved to the closed posi¬ 
tion; this process takes —10 sec overall. Pressure build-up in the reactor 
causes the diaphragm (sensitive to —0.02 mm pressure change) to deflect, 
thereby closing an electrical contact. This activates a solenoid valve, 
which admits oxygen-free argon to the balancing line thus opening the 
platinum contacts. Further pressure increases within the reactor cause 
the contacts to close and the process repeats until the reaction is com¬ 
plete. Pressure in the balancing gas line is monitored by a pressure trans¬ 
ducer coupled to a strip chart recorder, which therefore draws the first- 
order kinetic plot. At reaction completion the products are pumped out 
through a cold trap so that they may be examined as necessary. The 
method gives kinetics markedly superior to other systems (first-order lin¬ 
earity to >95% of reaction is common) and it is rapid; 20 kinetic runs 
during a day can be carried out under favorable conditions. 

The main disadvantage of pyrolysis kinetics is the possibility of incur¬ 
sion of surface-catalyzed reactions. This can be minimized by prepyroly¬ 
sis of 3-butenoic acid and, most recently, by coating the reactor surface 
with iridium-free gold [86JCS(P2)1581]. The traditional method of ascer¬ 
taining the presence of surface catalysis is to change either the surface- 
to-volume ratio of the reactor, or the quantity of reagent in a run. A major 
disadvantage in this procedure has been the tendency to describe small 
variations in rate (if any) that are observed as being insignificant or within 
experimental error. Consequently, some kinetics originally described as 
wholly homogeneous have subsequently been shown to be partially het¬ 
erogeneous (e.g., 71JHC1101). The best test is to obtain the Arrhenius 
plot, which should be completely linear with no deviations from the mean 
line by more than ± 1%, if surface catalysis is absent. If it is present, then 
scattered plots are found (the scatter being worse at low temperature, 
where surface catalysis is more prevalent). Kinetics should therefore be 
carried out at a minimum temperature range of 50°C (equivalent to 25°C 
at room temperature) and until a minimum linear rate set is obtained with 
deviations within the above limit. Since high temperature cannot be mea- 
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sured accurately (in contrast to temperature differences) comparisons of 
rates with literature data are unsatisfactory. Thus, for each study, the 
rate coefficients for a standard compound should be determined. For 1- 
arylethyl acetates this is of course 1-phenylethyl acetate. The p factor for 
pyrolysis of 1-arylethyl acetates is -0.66 at 600 K and -0.63 at 625 K. 
Thus, division of the log A: rel value determined from the Arrhenius plot 
by the p factor for the appropriate temperature gives the cr + value. The 
positional reactivites of 40 heteroaromatics have been determined by this 
method. 
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Chapter 6 


Reactivity of Five-Membered Rings Containing 
One Heteroatom 


The reactivity of five-membered rings containing one heteroatom has 
been reviewed previously in part or in whole in Advances in Heterocyclic 
Chemistry. For example, the electrophilic substitution of thiophenes 
[63AHC(1)1], furan [66AHC(7)377], selenophenes [70AHC(12)1], pyr¬ 
roles [70AHC( 11)383], and five-membered heteroaromatics [71AHC 
(13)235] have all been reviewed. Electrophilic substitution in thiophene 
has also been comprehensively surveyed in The Chemistry of Heterocy¬ 
clic Compounds [86HC(442)1], This chapter brings the subject completely 
up-to-date. 


1. Acid-Catalyzed Hydrogen Exchange 

An important development in the reactivity of five-membered heterocy¬ 
cles is the discovery, through hydrogen-exchange studies, that hydrogen 
bonding reduces the reactivity to a small but quite significant extent. This 
is true for thiophene [82JCS(P2)295] and will be more so for furan and 
especially for pyrrole (where bonding may be so strong that the reduction 
in rate approaches that expected for N-protonation). Though the effects 
of hydrogen bonding have not yet been determined in other reactions, it 
is clear that all data obtained in strong acids will be affected. 


A. Thiophenes 

Quantitative data have been reported by several groups using different 
experimental conditions. 

Protiodetritiation in trifluoroacetic acid (TFA) at 70°C was studied by 
Baker et al. [72JCS(P2)97], the rates relative to a position in benzene 
being 9.2 x 10 7 and 7.84 x 10 4 . After correction for hydrogen bonding 
[82JCS(P2)295], the corresponding ct + values were -0.913 and -0.560, 
for the 2- and 3-positions, respectively. Butler and Eaborn also reported 
rates of 2-detritiation of some 5-substituted thiophenes using a range of 
TFA-HOAc mixtures at 25°C (Table 6.1), the data giving a Hammett cor¬ 
relation with p + = -7.2. (Errors introduced by the assumption that both 
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TABLE 6.1 


Relative Rates of 2-Substitution of Thiophenes 
RC 4 HjS in Acid-Catalyzed Hydrogen Exchange 


R 

Dedeuteriation" 

Detritiation'' 

5-OMe 

>10“ 


3-OMe 

>10“ 


5-SMe 

1270 


3-SMe 

5500 


4-SMe 

0.2 


5-Me 

200 

204 

3-Me 

305 


4-Me 

10 


5-1-Bu 


232 

5-(5'-Me-thien-2-yI) 


144 

5-thien-2-yl 


42.2 

5-Ph 

26 

15.5 

3-Ph 

59 


4-Ph 

0.25 


4,5-Ph, 

7.5 


3,5-Ph 2 

1800 


3,4-Ph, 

14 


H 

1 

1 

5-C1 


0.17 

5-Br 


0.13 

5-1 


0.19 


“68JGU1933, 68JGU1944; 71JGU2314. 
b 68JCS(B)370. 

c As a measure of substituent effects these values will be at least 10- 
fold too small because methoxy is strongly hydrogen bonded in triflu- 
oroacetic acid [72JCS(P2)97]. 


the p factor and the extent of hydrogen bonding are the same in each 
medium are unlikely to give an error of more than 0.1 in the p + value.) 

Mixtures of TFA and HOAc were also used by Shatenshtein and co¬ 
workers for dedeuteriation at 25°C (Table 6.1) and for deuteriation which 
gave a 2: 3-position rate ratio of 3000 (70JGU1609). They also measured 
(68JGU1933; 70JGU1609) the effects of some substituents on relative 
rates of 3-exchange as follows: 4-Me (35), 4-MeS (61), 2-MeS (1.4 x 10 4 ), 
5-MeS (1.0), 2,5-Et 2 (8000). The substituent effects in detritiation and de¬ 
deuteriation show close similarity [in general, in hydrogen exchange at 
the same temperature log/(detrit.) = 0.96 log./(dedeut.)]. The higher acti¬ 
vation by the SMe, Me, and Ph groups across the 2,3- compared to the 
2,5-positions demonstrates the high 2,3-bond order in thiophene. Likewise, 
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the very low 3,4-bond order causes the 3,4-interactions to be much 
smaller than the corresponding 2,3-interactions for the same substituent, 
the 2,3 : 3,4 activation ratios being 8.7 (Me) and 90 (MeS). Meta interac¬ 
tions (in which conjugation is effectively absent) are even smaller, with 
deactivation observed in some cases for Ph and SMe. The results also 
indicate that demand for electron availability by resonance at the less 
reactive p-position is greater that at the a-position, as theory demands. 
Thus, 2-SMe activates the 3-position more than the reverse interaction; 
likewise, 4-SMe deactivates the 2-position but no deactivation is found in 
the reverse interaction. 

Dedeuteriation of the 2-position of thiophenechromium tricarbonyl 
showed that the Cr(CO) 3 ligand is approximately twice as electron with¬ 
drawing as an a-chloro substituent (76MI1). 

Hydrogen exchange of thiophene with mineral acids has also been stud¬ 
ied. Partial rate factors (sulfuric acid at 25°C) were determined for the 2- 
and 3-positions as 8.7 x 10 6 and 8.3 x I0 3 (dedeuteriation) and 5.3 x 10 6 
and 5.7 x I0 3 (detritiation), respectively (70AK89); these values may be 
depressed somewhat by hydrogen bonding. The a/p reactivity ratio of 
— 1000 was confirmed by Butler and Hendry [70JCS(B)852]. They also 
showed that log k was approximately linearly related to - H 0 , the slope 
being least for the more reactive compound as is generally observed for 
benzenoid derivatives (60JCS3301), and that the ratio increased with de¬ 
creasing temperature (as required by the Arrhenius relationship). Fur¬ 
ther, they confirmed (see Chapter 2, Section l.A) that different acids of 
identical -H 0 value give different exchange rates. Using aqueous per¬ 
chloric acid as the exchange medium, Butler and Alexander 
[77JCS(P2)I998] showed that a 5-methyl substituent activated the 2-posi¬ 
tion 194-fold, in good agreement with the data in Table 6.1. However, 
dimethylthiophenes were unexpectedly unreactive (giving anomalous 4- 
and 3-methyl substituent effects if additivity was assumed); this is almost 
certainly due to reaction of the less soluble dimethylthiophenes being het¬ 
erogeneous (significantly, the Arrhenius plots showed marked scatter). 
Hydrogen bonding, which would be greater in the dimethyl compounds, 
provides an alternative explanation [86HC(44,2)1]. 

The surprisingly large a : p exchange ratio of 1950 at 20°C for deuteria- 
tion in aqueous sulfuric acid-methanol (67ZC58) was based on measure¬ 
ment at one acidity only so it is difficult to judge if the effect is real, 
indicating H,OMe + to be a less reactive and more selective electrophile 
than HjO + , or due to some other cause. It may be significant that ex¬ 
change of furan under these conditions showed marked medium effects 
[72JPR(314)603]. 
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B. Selenophene 

Dedeuteriation of selenophene by sulfuric acid in aqueous methanol at 
20°C gave the approximate partial rate factors 2.1 x 10 8 and <4 x 10 4 
for the 2- and 3-positions, respectively [72JPR(314)603]. Under these con¬ 
ditions, the Hammett p factor for the reaction was determined as approxi¬ 
mately -8.4. Direct measurement of the exchange rates relative to that 
in benzene was not possible, so there may be some error in the corres¬ 
ponding c t + values of -0.95 and <-0.53. These o + values indicate that 
selenophene is more reactive than thiophene, as do other studies de¬ 
scribed below (Section 7.B). 


C. Furan 

Very few quantitative data exist for acid-catalyzed exchange of furans, 
because of the high sensitivity to acid media, which results successively 
in hydrogen bonding, substantial protonation, and decomposition. The 
deuteriation rate in sulfuric acid aqueous methanol is less than that for 
thiophene [72JPR(314)603], contrary to their known relative reactivities 
toward other electrophilic substitutions. However, the slope of the rate 
versus acidity profile was anomalous compared to the slopes for the other 
five-membered heterocycles, and the rate relative to that of thiophene 
decreased with increasing acidity; this behavior is attributable to hydro¬ 
gen bonding and/or protonation which would increase with acidity. 

In perchloric acid (4.6-7.2 M), hydrogen exchange of furan is only 
seven times faster than the decomposition rate [70JPR(312)882]. This fac¬ 
tor becomes 200 for 2-methylfuran (73ACS153), which permitted determi¬ 
nation of its relative exchange rates at 100°C as 1.0 (detritiation), 1.31 
(deuteriodetritiation), 1.47 (dedeuteriation), and 3.22 (deuteriation); the 
activation energies (70-100°C) vary inversely with the reactivity ratios. 
Decomposition involves both polymer-forming reactions, and hydrolytic 
cleavage (via rate-determining protonation at the (3-position); the former 
is the more rapid (73ACS 153). 

The 2-: 3-position reactivity ratio for furan for deuteriation in acetic 
acid/trifluoroacetic acid (2: 1) was determined as 500 (72M11), but decom¬ 
position severely affects the accuracy of the (3-exchange rate, and hence 
of the reactivity ratio. 


D. Pyrrole 

Dedeuteriation of pyrrole in aqueous methanol containing 0.5% sulfuric 
acid at 20°C gave log/ 2 3 - 15, which, with the kjk 3 rate ratio of 0.74 for 
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deuteriation in aqueous hydrochloric acid, indicates cr 2 -1.70 and cr 3 = 
- 1.71 [72JPR(314)603]. However, very large extrapolations of rate data 
are required to obtain these results. Bean and Wilkinson found that deu¬ 
teriation by DOAc in aqueous dioxan (buffered with potassium acetate) 
gave k 2 /k 3 ratios of 3.0-1.01 (the smaller values being obtained in more 
acidic media); /V-methylpyrrole shows a higher reactivity at the a-posi- 
tion under comparable conditions. For pyrrole in aqueous dioxan-trifluo- 
roacetic acid, the kjk 3 values were 0.97-1.04, the smaller values being 
obtained in the less acidic media [71CC421; 78JCS(P2)72]. 

Values of log / 2 and log / 3 under standard conditions were calculated as 
10.3 and 10.1, respectively [73JCS(P2)1072]; the corresponding values for 
/V-methylpyrrole were 10.6 and 10.3 [73JCS(P2)1675]. These agree within 
an order of magnitude with those noted above, after allowing for the tem¬ 
perature difference; however, in a more recent paper [78JCS(P2)72], the 
values were revised downward by 0.6 units. It has been argued that the 
values are anomalously low [73JCS(P2)1072], since log / 3 for hydrogen 
exchange at the 3-position of indole was calculated as 15.4, whereas in 
acetylation the reactivity of the 3-position of indole is comparable to that 
of the 2-position of pyrrole (72CC427). This analysis may be incorrect 
because benzo annelation strongly stabilizes the canonicals for 3-substitu¬ 
tion of indole (and in benzene itself produces ~ 10 1 2 3 increase in hydrogen 
exchange rate on going to the 1-position of naphthalene). Moreover, ace¬ 
tylation of the 3-position of indole will be almost as sterically hindered as 
it is at the 1-position of naphthalene. The situation is also complicated by 
the calculation by Bean and Wilkinson of log / 3 for indole in hydrogen 
exchange as only 9 [78JCS(P2)72]. 

Bean and Wilkinson have reported deuteriation rates for several alkyl- 
pyrroles in buffered aqueous dioxan-acetic acid at 25°C [78JCS(P2)72]; 
under these conditions, neither 2 -formyl- nor 2 -nitropyrrole underwent 
exchange. Partial rate factors are given in Table 6.2. These show a num¬ 
ber of interesting features. 

(1) N-Alkyl groups activate very weakly, because their hyperconjuga- 
tive effects cannot operate from the 1 - to any other position. 

(2) Activation across the 2,3-bond is much higher than across the 3,4- 
bond, because of the differences in bond order [cf. the effects of a 2 - 
methyl substituent in naphthalene [68JCS(B)1112]]. 

(3) Alkyl groups activate more strongly between the 2- and 3-positions 
than between the 2- and 5-positions. This is general for five-membered 
heterocycles and reflects the unfavorable bond fixation in the resonance 
structure for 5-substitution [86HC(44,2)1]. The partial rate factors are 
overall rather lower than benzene, which may arise from the fact that the 
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TABLE 6.2 


Partial Rate Factors Relative to Pyrrole for 
Deuteriation of Alkylpyrroles C 4 H 4 NR 


R 


Position of exchange 


2 

3 

4 

5 

1-Me 

2.6 

1.6 

1.6 

2.6 

1-/-Bu 

3.1 

2.4 

2.4 

3.1 

2-Me 

— 

230 

8 

75 

2-Et 

— 

100 

5 

80 

2-f-Bu 


(not measured) 

15 

40 

3-Me 

170 

— 

30 

8 

3-Et 

100 

— 

20 

5 

3-/-Bu 

60 

— 

15 

7 

1,2-Me 2 

- 

440 

30 

360 


transition state for pyrrole hydrogen exchange is nearer to the ground 
state than that for benzene exchange [65MI 1(143)]. 

(4) The alkyl groups give the highest “Baker-Nathan” activation order 
(Me > Et > /-Bu) yet found for a chemical reaction. This is because a 
larger proportion of the transition-state charge resides at the site bearing 
the alkyl group (and in some cases also adjacent to it) than is the case in 
benzene; for example, for exchange at the 3-position of 2-alkylpyrroles, 
the canonicals are given by 6.1 and 6 . 2 . Steric hindrance to solvation 
[which gives rise to the Baker-Nathan order [77JCS(P2)678]] is, there¬ 
fore, very considerable, leading to the observed results [85JCR(S)318]. 



(6.1) (6.2) 


(5) The methyl substituent effects are approximately additive, con¬ 
firming that (as in benzene) steric effects toward hydrogen exchange are 
effectively absent. 

Alexander and Butler showed that the ratio of exchange rates at the 2- 
position of 1,3,4-trimethylpyrrole versus the 3-position of 1,2,5-trimeth- 
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ylpyrrole in aqueous phosphate buffer at 25°C was ~4 (for reaction with 
undissociated acid). This reactivity difference is close to that found for 
/V-methylpyrrole itself, and therefore confirms that the activating effect 
of the methyl group across the 2,3-bond is the same in each direction 
[80JCS(P2)110]. 

Muir and Whiting measured the relative rates of C—H and N—H deu- 
teriation in both pyrrole and indole in aqueous dioxan containing either 
perchloric or trichloroacetic acids [75JCS(P2)1316; 76JCS(P2)388], In 
general, exchange in indole was faster than in pyrrole by factors of 10 
(C—H exchange) and 180 (N—H exchange). In pyrrole, N—H exchange 
was 10- to 15-fold faster than C—H exchange. The k 2 lk 3 rate ratio also 
varied with conditions, being 0.85 (HC10 4 ) and 2.7 (CCI,C0 2 H), probably 
reflecting a fine balance at the 2-position between the inductive withdraw¬ 
ing, and the resonance donor effects (-/ and + M), respectively, of nitro¬ 
gen. The transition state under conditions involving a less reactive elec¬ 
trophile (CC1 3 C0 2 H) will require greater stabilization by the resonance 
donor (+ M) effect. Both C—H and N—H exchange showed general acid 
catalysis (and hence occur via the A-S E 2 mechanism) but displayed differ¬ 
ent medium dependence. Different numbers of water molecules appeared 
to be involved in the respective transition states in an unknown way. It 
may be relevant that in contrast to C—H exchange, the transition-state 
charge in N—H exchange cannot be delocalized away from the nitrogen 
atom. 

Reactivities, relative to benzene, in gas-phase protonation of five- 
membered heterocycles by 3 HeT + are pyrrole, 30; N-methylpyrrole, 6; 
furan, 0.7; and thiophene, 0.5 (84JA37). The low substrate selectivities 
are consistent with the anticipated high reactivity of the unsolvated elec¬ 
trophile. Demands for conjugative electron release by the heteroatom will 
be small, thus accounting for the low reactivity of furan and thiophene 
(see Section 5). 


2. Base-Catalyzed Hydrogen Exchange 

Furan, Thiophene, and Selenophene 

This reaction generates a carbanion in a ct orbital in the rate-determin¬ 
ing step (Chapter 2, Section 2.A) and so does not directly involve the tt 
cloud. Inductive effects are therefore of primary, and conjugative effects 
only of secondary, importance. The 2-: 3-position rate ratio for deuteria- 
tion of thiophene in DMSO at 25°C is 2.5 x 10 5 (64MI3, 64MI4; 66MI2), 
but no direct comparison with benzene is available; thiophene is likely to 
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TABLE 6.3 

Relative Rates of Substitution of Thiophenes RC 4 H 3 S 
in Base-Catalyzed Deuteration 


(A) 2-Substitution 

R = 5-Me 

= 0.12 

4-Me 

0.18 

3-Me 

0.06 

H 5-MeS 4-MeS 3-MeS 5-MeO 3-MeO 

1.0 50 30 >100 0.39 >100 

(B) 3-Substitution 




R = 5-MeS 

fc„|. = 10 

2-MeS 

70 

3-Mes 

130 

H 

1.0 


be the more reactive. The reaction gives a small kinetic isotope effect 
(k D : k T ) of 1.2 due to the symmetry of the reaction pathway. The original 
interpretation (68JGU1938, 68MI3) that the C—H bond is not broken in 
a rate-determining step is incorrect. The relative reactivities for furan, 
thiophene, and selenophene are 1:500 : 700 for the 2-positions, and 
1: 1 :7 at the 3-positions (71JGU1945; 72MI1). Substituent effects in thio¬ 
phene (Table 6.3) are produced by a subtle balance of the inductive and 
conjugative effects (64MI3, 64MI4; 66MI2; 68JGU1933, 68MI4). The de¬ 
activation of all positions by methyl is straightforward. By contrast, 5- 
and 3-methoxy groups deactivate and activate, respectively, the 2-posi- 
tions, due to a strong resonance donor ( + M), weak inductive acceptor 
(-/) combination in the former case, and a stronger resonance donor 
( + M), much stronger inductive acceptor (-/) combination in the latter. 
For the methylthio group, the different balance of these effects can ex¬ 
plain all of the observed results. In addition, there could be some p—*d 
-iT-electron withdrawal (- M effect), but if this were significant one would 
expect 3-MeS to activate the 2-position more strongly than the 4-position 
due to the differences in bond order; this is not observed. 

As in thiophene, both 3- and 5-methyl groups in furan deactivate the ex¬ 
position ~ 10-fold (66CHE643). 


3. Nitration 


A. Thiophenes 

Three main conditions have been used for nitrating thiophenes. 

(1) Nitric acid in various forms: nitric acid-sulfuric acid (cosolvents are 
frequently used to improve solubility); nitric acid in acetic acid (which 
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gives better solubility of the aromatic, reducing the possibility of dinitra¬ 
tion); nitric acid in trifluoroacetic acid. 

(2) Acyl nitrates, usually produced from nitric acid or cupric nitrate in 
acetic anhydride. 

(3) Nitronium salts. 

For thiophene itself, conditions of type (1) tend to produce very fast 
reactions. However, work has shown that the explosively fast reaction 
with nitric acid-acetic acid, due to nitrosation, can be largely suppressed 
by using urea [71JCS(B)102] and sulfanilic acid would probably be even 
better in this respect [cf. 77JCS(P2)248, 77JCS(P2)1693]. Conditions (1) 
have therefore been confined mainly to deactivated thiophenes, with con¬ 
ditions (2) being preferred for activated thiophenes. It is believed that 
acetic anhydride suppresses side reactions preceeding via nitrosation un¬ 
der conditions (2) [71JCS(B)102]. 

Use of nitric acid-acetic anhydride gives an 80% yield of nitrothio- 
phenes; the 2-: 3-product ratio was 6.2 with benzoyl nitrate, which also 
gave a small secondary inverse isotope effect (k T /k H = 1.14) 

[62AK( 19)499]. Even higher overall yields have been obtained using ni¬ 
tronium salts (56JCS4257). The kinetics of nitration of thiophene by nitric 
acid-sulfuric acid in sulfolane or nitromethane [68JCS(B)800] showed that 
the reaction is governed by the rate at which the reagents can encounter 
each other and not by their true reactivities; the encounter rate is ~300- 
400 times that of the rate of nitration of benzene. Nitration of 2-methyl- 
thiophene, thiophene, and 2-chlorothiophene by nitric acid in acetic acid 
occurs at or just below the encounter rate for the first two compounds, 
hence the substituent effects are anomalously small [71JCS(B)102]. This 
is also shown by the “standard” nitration rate for thiophene being only 
5.6 times greater than that for benzene [75JCS(P2)I600], which is clearly 
much too small. 

The effects of substituents invariably reflect the 2,3-, 2,5-, and 3,4-con- 
jugative interactions, and the high 2:3-bond order, superimposed upon 
the intrinsic 2 > 3 positional reactivity order. Thus, with cupric nitrate in 
acetic anhydride, the 3-Me-, 3-AcOCH 2 -, and 3-H0 2 CCH : CH substitu¬ 
ents gave mainly 2- and 5-substitution [57JA3800; 80CS( 15)20]. With the 
same reagent, 2-phenylthiophene gave the 3- and 5-derivatives in the ratio 
0.67: 1, whereas 3-phenylthiophene gave the 2- and 5-derivatives in the 
ratio 9: 1 (58JGU1288; 67ACS2823). Both sets of data, in combination 
with the intrinsic 2: 3 rate ratio of ~6, demonstrate the high 2 : 3-bond 
order. Interestingly, just as nitric acid-acetic anhydride gives anomalously 
high ortho/para ratios in the nitration of biphenyl [66JCS(B)727], so ni¬ 
tration of 2,2'-bithienyl (6.3) with nitric acid-acetic acid produced a 
3-: 5-product ratio of 0.31, which becomes 1.12 with nitric acid-acetic 
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anhydride. Likewise, for 2,3'-bithienyl (6.4), the 3:5 ratios are corre¬ 
spondingly 0.46 and 1.5 (71JHC849; 74JHC1017). 2-Methyl- and 2-me- 
thoxythiophene gave 5-: 3-product ratios of 2.3 (60AK563) and 1.5 
(53JA3697), respectively, the lower ratio in the latter case reflecting the 
effect of the high 2:3-bond order upon the larger resonance donor 
( + M) effect for methoxy. 



(6.3) (6.4) 


Nitric acid and acetic anhydride have been used to show that the 2- 
SMe (56JCS4114), 2-CH 2 Cl [61CR(252)2419], 2-CH 2 OAc [61CR(252)2419; 
62BCJ1420], 2-C1 (52JA2965), 2-Br (35JA1763; 53JA3517), 2-1 (43CB419) 
and 2-CH 2 Ph substituents all direct into the 5-position. The yields of 5-, 
4-, and 3-nitro products for 2-benzylthiophene were 87, 3, and 10%, re¬ 
spectively (72JHC849), which incidentally shows the greater electrophilic 
reactivity of thiophene compared to benzene. Yields of the 4-isomers in 
nitration of thiophenes with the following deactivating substituents at the 
2-position were CH(OAc) 2 , 14; C0 2 H, 31; CN, 43; COCH 3 , 52; S0 2 C1, 
78; N0 2 ,80-85% (63BSF1651; 72USP3707480). These yields reflect the 
increasing deactivation of the 3- and 5-positions by the mesomerically 
withdrawing ( -M ) effect of the substituents along this series. For nitration 
by nitric acid in trifluoroacetic acid, deactivating 2-substituents gave 
slightly different results, the 5-: 4-product ratio being 0.77 (CHO), 1.7 
(CN), and 0.98 (N0 2 ) (68ACS2754). Insignificant 3-substitution accords 
with the high 2 : 3-bond order. Likewise, these substituents at the 3-posi¬ 
tion gave 80-90% of 5-substitution. The remaining product arose from 
approximately equal amounts of 2- and 4-substitution: the high and low 
bond orders for the 2:3- and 3:4-bonds, respectively, creates a large 
differential in deactivation, which cancels out the intrinsically greater re¬ 
activity of the a- compared to the 0-site. 

Nitration of 2-nitro- and 2-formylthiophene by nitropicolinium fluoro- 
borate gave 5-: 4-product ratios of 0.61 and 1.0, respectively, whereas 
with nitric acid-sulfuric acid, 2-acetyl- and 2-formylthiophenes gave cor¬ 
responding ratios of 1.0 and 4.0 (71BAU1142; 71JOU1803). These results 
suggest that, in sulfuric acid, nitration occurs on species in which the 
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carbonyl groups are protonated, especially since the proportion of the 4- 
isomers increased with increasing acidity. Nitration of 2-nitrothiophene 
with nitric acid-sulfuric acid gave 56 and 44% of 4- and 5-dinitro deriva¬ 
tives, respectively (62AK527). 

Lastly, nitration of 2-substituted thiophenes by nitric acid-acetic anhy¬ 
dride was said to give a Hammett correlation with p = -6.7 (82CHE127). 
However, this is invalid since cr values were used instead of <r + , it was 
assumed that all substitution occurred at the 5-position (certainly incor¬ 
rect), and the correlation line missed the origin by a very large amount. 


B. Pyrrole 

The nitration of pyrroles by a variety of reagents over a range of tem¬ 
peratures was studied by Morgan and Murray (66T57; 70T5101; 71T245), 
who found fewest side reactions with nitric acid-acetic anhydride. These 
conditions gave a temperature-independent 2-: 3-product ratio of ~4 and 
partial rate factors/ 2 = 1.3 x 10\/ 3 = 3 x 10 4 . These values are anoma¬ 
lously low compared to (say) hydrogen exchange and very probably refer 
to a strongly hydrogen-bonded species; partial protonation is also ex¬ 
pected to decrease the available concentration of neutral species. 

For the nitration of 1-, 2-, or 3-acylpyrroles (Pyr-COR, R = H, Me, 
OH, or OMe), overall yields were ~25, 45, and 55%, respectively. The 
effects of the acyl groups on isomer ratios were exactly as expected: 1- 
Acyl groups produced equal amounts of 2- and 3-substitution, and 2- 
COMe gave a 4: 5-product ratio of ~2, whereas this became I for the 
more electron-withdrawing 2-C0 2 Me substituent, and 3-acyl groups gave 
mainly 5-substitution. Only the 5-isomer was detected in the nitration of 
3-methoxycarbonylpyrrole (41RTC650) and 1-methyl-3-nitropyrrole 
(59BAU1258). 

Nitration of 2-methylpyrrole by fuming nitric acid and acetic anhydride 
at low temperature gave a 12-15% yield of mononitro products, the 5-: 3- 
product ratio being 5.7 (70JHC399). Nitration of 1-benzylpyrrole gave 
60% of substitution at the 3-position, much greater than for pyrrole or 1- 
methylpyrrole (67CJC2227), suggesting that a steric effect operates here. 

Nitration of 2- and 3-nitropyrrole and their 1-methyl analogues by nitric 
acid-sulfuric acid at 25°C showed the nitro groups to deactivate by factors 
of 1.5 x 10 5 and 2.6 X 10 4 , respectively; this is less than that in benzene, 
which may reasonably be attributed to the higher reactivity of pyrrole. 
The 1-methyl compounds were only 1.5 times more reactive (75CHE571), 
which is consistent with the results obtained in hydrogen exchange (see 
Section I.D.). 
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4. Halogenation 

A. Thiophene and Selenophene 

The high degree of bond fixation in thiophene is such that addition 
readily occurs, subsequent dechlorination and dehydrochlorination lead¬ 
ing to substitution products. However, addition can be minimized by us¬ 
ing polar solvents (e.g., aqueous acetic acid) and exclusion of light; sele¬ 
nophene probably behaves similarly. The high selectivity for molecular 
chlorination, and the relatively weak deactivation by the chloro substitu¬ 
ent, result in ready dichlorination, which can be minimized by using high 
thiophene/chlorine reagent ratios. An ingenius method for minimizing 
dichlorination involves passing chlorine over refluxing thiophene. Chloro- 
thiophene thus formed does not reflux and so does not come into contact 
with chlorine, and this gives the highest yield (72%) of any monochlorina¬ 
tion method (78GEP2749235). 

Addition is not a problem accompanying molecular bromination, but 
dibromination is. Maximum yields (67-78%) of 2-bromothiophene can be 
obtained by using dilute thiophene solution (45JA2092; 53YZ1023). Like¬ 
wise, yields of up to 71% can be obtained with iV-bromoamides 
[19LA(426)61; 44LA(566)1; 51MI2; 52MI2], which produce dilute equilib¬ 
rium concentrations of bromine. Other methods give yields of 45% [cy¬ 
anogen bromide; 22LA(430)79], 60% [potassium bromate/hydrogen bro¬ 
mide (82BAU2104)], and 100% [dioxan dibromide (54JGU1251)]. 

Molecular chlorination and bromination of thiophene give only 1 and 
0.2% of the 3-isomer, respectively, among the monohalo products 
[70JCS(B)U53], due to the high selectivities of the reactions. However, 
if halogenation is carried out at very high temperature (up to 750°C), the 
proportion of the 3-isomer increases greatly and is dominant in bromina¬ 
tion (53JA3517). This suggests that the 3-isomer is thermodynamically 
more stable, due possibly to repulsions between the sulfur d orbitals and 
the a-halogen. The rates of molecular halogenation of thiophene relative 
to benzene are 1.3 x 10 7 (Cl 2 ) and 1.7 x 10 9 (Br 2 ) (65T843), from which 
we calculate/ 2 = 3.86 x 10 7 (Cl 2 ) and 5.09 x 10 9 (Br 2 );/ 3 = 3.9 x 10 5 
(Cl 2 ) and 1.02 x 10 7 (Br 2 ). The / 3 values are probably inaccurate since 3- 
substitution is such a minor reaction; the f 2 values lead to ct + values of 
-0.76 and -0.81, respectively. In the perchloric acid-catalyzed positive 
bromination of thiophene by hypobromous acid in 90% aqueous dioxan at 
25°C [70JCS(B)1153], /c(thiophene): /c(benzene) was 6.3 x 10 4 , with only 
—0.8% of 3-bromination detected. This yields / 2 = 1.88 x 10 5 and / 3 = 
1.5 x 10 3 , with ct 2 = -0.85. In these reactions, selenophene was more 
reactive than thiophene by factors of 47.5 (Br 2 ), 6.5 (Cl 2 ), and 4.5 (Br + ) 
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[70JCS(B)43], which is qualitatively consistent with the reaction selectivi- 
ties. The first two factors afforded cr + 2 values of -0.94 and -0.84, respec¬ 
tively. No addition was detected and in each bromination the proportion 
of the 3-isomer was less than 1%. 

The high a/p selectivity in molecular halogenation means that 2-substit¬ 
uents give mainly 5-substitution; 3-substituents give 2- and 5-substitution. 
Bromination of 2-methyl- (68JOC2902), 2-ethyl- (52BSF713), 2-/-butyl-, 
and 2-octylthiophenes (1886CB644) takes place almost exclusively at the 
5-position, especially when the alkyl group is large. 2-Phenylthiophene 
gave 96% 5- and 3% 3-bromo derivatives (72ACS1851), and 2-chlorothio- 
phene forms 98% of 2,5-dichlorothiophene (50USP2492644). Bromination 
of 2-iodothiophene gave 88% of the 5-bromo derivative, the reaction be¬ 
ing accompanied by deiodination products [37LA(527)237]. Conjugatively 
electron-withdrawing substituents such as 2-CHO or 2-COCH, can out¬ 
weigh the high a/p selectivity, but the extent to which this occurs depends 
very much on the amount of catalyst (usually A1C1 3 ) necessary for haloge¬ 
nation of these less reactive compounds. An excess of catalyst, or a sub¬ 
stituent more readily coordinated to A1C1 3 , will give a greater proportion 
of the 4-isomer. Thus, AlCl 3 -catalyzed chlorination of 2-formylthiophene 
or 2-thienoic acid gave 74 and 48% of 4-substitution, respectively 
(76JHC393), showing the former substituent to coordinate more easily as 
expected. 2-Benzoylthiophene gives mainly the 5-isomer if only catalytic 
quantities of A1C1 3 are used, but with excess A1C1 3 the 4-: 5-product ratio 
becomes 6 (70BAU2592). Likewise, bromination of 2-formylthiophene 
with iV-bromosuccinimide gives 70% of the 5-bromo derivative, but with 
bromine in sulfuric acid (which protonates the substituent) the 4-: 5-prod¬ 
uct ratio of mono-substituted products is ~ 1.0 (accompanied by 50% di- 
bromination) (71BAU2687). The low 3 :4-bond order prevents resonance 
donor (+ M) substituents at the 3-position from substantially activating 
the 4-position, so that 3-methyl-2-phenylthiophene and 2-methyl-3-phe- 
nylthiophene gave 95 and 93% of the 5-bromo derivatives, respectively 
|76JCS(P1)2355]. 

3-/-Butylthiothiophene brominates 57% in the 2-position (73BAU2233), 
the combination of the resonance donor ( + Af) effect and high 2 : 3-bond 
order more than balancing steric hindrance; similar reasoning accounts 
for the almost exclusive 2-bromination of 3-methylthiophene (68JOC2902) 
and 2-halogenation of 3-acetaminothiophene (54JA2447). 3-Iodothiophene 
gave 90% of the 2-bromo derivative (together with deiodination products) 
[37LA(527)237]. 3-Phenylthiophene gave both 2- and 5-bromo derivatives 
(only the former would be expected from consideration of electronic ef¬ 
fects), but this is due to the greater thermodynamic stability of the 5- 
isomer as a result of steric hindrance in the 2-isomer (67JOC463; 
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68JOC2902). Resonance acceptor (-M) substituents at the 3-position 
strongly deactivate the 2-position because of the high 2 : 3-bond order (es¬ 
pecially if the substituent is coordinated to a Lewis acid), and thus the 
AlCly-catalyzed bromination of 3-acetylthiophene goes 74-80% into the 
5-position (75BSF2334; 76T1403). The low 3:4-bond order means that 
large resonance acceptor (-M) deactivation of the 4-position does not 
take place and hence 3-formylthiophene gave 83% of the 4,5-dichloro de¬ 
rivative (73M1599). 

Iodination of thiophene has been carried out with (I) iodine/mercuric 
oxide (to remove HI and thereby prevent protolytic cleavage of the thio¬ 
phene ring); (2) iodine/iodic acid/acetic acid, and (3) iodine monochloride. 
In each case, 70-80% yields of 2-iodothiophene have been obtained 
[1884CB1558; 430SC357; 60LA(634)84; 71MI2; 82IJC(A)4I7], 2-Iodothi- 
ophene iodinates largely in the 5-position (1884CB1558), while 3-iodothio- 


TABLE 6.4 


Partial Rate Factors (Relative to Thiophene) for 5-Halogenation of 
Substituted Thiophenes at 25°C 


Substituent 

Chlorination (Cl 2 )° 

Bromination (Br,) 

HOAc* 85% aq. HOAc' 

Iodination (ICl) d 

2-Et 

_ 

_ 

402 

_ 

2-Me 

— 

631 

392 

_ 

(2,5-Me 2 T 

— 

350 

_ 

_ 

3-Me 

— 

102(/ 

89 

_ 

2-I-Bu 

— 

— 

291 

_ 

2-CH 2 Ph 

— 

300 

— 

—. 

2-Ph* 

— 

— 

74 

— 

2-F 

— 

— 

1.45 

_ 

2-C1 

0.36 

0.52 

0.081 

0.23 

2-Br 

0.48 

0.38 

0.070 

0.21 

(3-Brf 

— 


0.035 

— 

2-1 

0.53 

0.94 

0.14 

0.72 

2-C0 2 H 

1.1 x 10 4 

3.3 x 10“ 5 

_ 

_ 

2-C0 2 Et 

1.38 x 10 " 

I.l x 10~ 5 

— 

_ 

2-N0 2 

1.1 x 10 6 

- 


- 


“In HOAc; 70JCS(B)848; 71AHC(13)235; 74CC333. 

*71AHC(13)235. 

f 70JCS(B)848 ; 81IJC(19A)1183. 

</ 82IJC(A)417. Data are for 26°C in 50% aqueous HOAc. 
'Reaction at the 3-position. 

'This must refer to reaction at the 2-position. 

'Only the thiophene ring brominates. 
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phene iodinates in the 2- and 4-positions in 93 and 7% yields, respectively 
(63AK191). 

Partial rate factors for the 5-halogenation of substituted thiophenes are 
gathered in Table 6.4. 

B. Furan and Pyrrole 

Both furan and pyrrole are rather unstable under halogenation condi¬ 
tions but introduction of an electron-withdrawing substituent stablilizes 
the rings and permits determination of their reactivities. Thus molecular 
bromination of the 2-methoxycarbonyl derivatives of furan, thiophene, 
and pyrrole in acetic acid at 25°C gave relative reactivities as thiophene, 
1.0; furan, 120; pyrrole, 5.9 x 10 8 [68JCS(B)392]. Only monobromo de¬ 
rivatives were obtained: 100% 5-bromo for 5-methoxycarbonylthiophene 
and -furan, and 23% 5-bromo and 77% 4-bromo for the corresponding 
pyrrole (cf. 65JCS459). The relative rates should be regarded only as semi- 
quantitative estimates for the parent ring systems, since the deactivation 
by the substituent may vary between the systems. A similar approach 
indicated furan to be 50-fold more reactive than thiophene in chlorination 
(70TL1389). Bromination of 3-acetyl- and 3-methoxycarbonylpyrrole oc¬ 
curs exclusively in the 5-position (67CJC897). 

Bromination of pyrrole with bromine gives mainly the thermodynami¬ 
cally more stable 3-bromo derivative, which is produced from the 2-iso¬ 
mer, formed initially under kinetic control, through isomerization cata¬ 
lyzed by the reaction product HBr. If A/-bromosuccinimide is used for 
bromination, no HBr is produced and the 2-isomer dominates 
(81JOC2221). Bromination of furan gave cis- and tram-2,5,-dibromo-2,5- 
dihydrofurans (isolated as the dimethoxy derivatives) in a ratio of ~3 : I 
(67BCJ130). A spectroscopic study carried out at low temperature 
(- 50°C) confirmed this ratio and also showed that 20% of fran^-2,3-dibro- 
mo-2,3-dihydrofuran was formed (75CC875). It is not known whether 
these adducts (which demonstrate the competition between 1,4- and 1,2- 
addition) are intermediates along the pathway for bromine substitution, 
or whether they are produced in a separate equilibrium as is the case for 
bromination of benzol^Jfuran. 

The effect of complexing between the carbonyl group and aluminum 
chloride also shows up here in that the AlCl 3 -catalyzed bromination of 2- 
acetylfuran gave equal amounts of 4- and 5-bromo product (with the 4,5- 
dibromo isomer as the main product). 2-Formylfuran (more easily coordi¬ 
nated, presumably due to lower steric hindrance) gave mainly the 4-iso¬ 
mer (71BSF238; 72CHE541; 73BAU2666). Halogen exchange also occurs 
for both 2-formylfuran and 2-methoxycarbonylfuran (and also 2-formyl- 
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thiophene), the normal 4,5-dibromo derivative being accompanied by the 
4-bromo-5-chloro product [71BSF238; 73JCS(P1)1766]. lodination of 2- 
formylfuran gave 32% of the 5-iodo derivative (55AK87). 

Bromination of 1-benzylpyrrole gives mainly the 3-substituted product 
(as in nitration) although polysubstitution occurs very easily 
(67CJC2227). 


5. Alkylation 

Pyrrole, N-Methylpyrrole, Furan, and Thiophene 

An unusual alkylating electrophile, which is also very selective due to 
the delocalization of charge, is 6.5; this gives the following relative rates 
of formation of 6.5a in acetonitrile at 20°C: pyrrole, 5 x 10 5 ; furan, 3 x 
10 3 ; thiophene, 1. Indole had the same reactivity as pyrrole, of interest 
because there are few comparative data for these molecules (73CC540). 



(6.5) (6.5a) 


However, alkylation in solution usually requires strongly acidic condi¬ 
tions, so data are mainly confined to thiophene, and even this tends to 
polymerize, though i-propylation of 3-acetyl- and 3-methoxycarbonylpyr- 
role has been reported, exclusive 5-substitution being obtained 
(67CJC897). The problem of poly-, as distinct from dialkylation, is less 
than in benzene because of the difference in the 2-: 3-position reactivity 
ratio; consequently, reaction tends to cease at the 2,5-dialkyl stage. 2 -t- 
Butylation of thiophene with 2-methylpropene and sulfuric acid gave a 
48% yield (with 17% 2,5-di-/-butylation) (50BP625173); phosphoric acid- 
Kieselguhr in an autoclave gave 73% (67BAU1120). In the latter work, 
the 2-: 3-product and hence rate ratio was 3 for thiophene, and 11.5 for 
furan [which gave an 84% overall yield (67BAU1561,67MI5)] at low tem¬ 
perature, but the product ratio decreased in both cases with increasing 
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TABLE 6.5 

Reactivity Relative to Toluene, and 2:3-Reactivity Ratios for Gas-Phase 
Alkylation with R* 


R + 

Pyrrole 

N-Methylpyrrole 

Furan 

Thiophene 

MeF + Me 

~0.6 

1.4 

1.7 

1.1 

f-Bu + 

1.0 

2.2 

5.2 

1.0 

2- : 3-Rate ratio for 
reaction with t-Bu + 

0.29 

0.89 

10.0 

4.0 


temperature, the lower thermodynamic stability of the 2-isomer due prob¬ 
ably to steric hindrance. 2-Alkylation with alkyl halide/aluminum chloride 
gave a 2-: 3-rate ratio of 4.9 for formation of f-butylthiophenes and 1.5 for 
the formation of i-propylthiophenes (77JOU329). Alkylation with alcohols 
and aluminum silicate catalyst gave corresponding ratios of 2.0 and 1.5 
(66MI1). These results demonstrate the low selectivity of alkylation (as 
found in benzene chemistry) and also the general observation 
[72MI2( 149)] that f-butylation, in which there is greater opportunity for 
delocalizing the positive charge in the electrophile, is more selective than 
/-propylation. Selectivity should, in both cases, be less in the gas phase 
since the electrophiles will be unsolvated, and indeed methylation with 
CH 3 F + CH 3 and t-butylation with f-Bu + (Table 6.5) show very little sub¬ 
strate selectivity, though the positional selectivity is in some cases quite 
high. However, it is believed that these gas-phase reactions may involve 
reversible formation of an electrostatic adduct, and thus the mechanism 
differs significantly from that which applies in solution [82JA7084, 
82JA7091; 83JCS(P2)1491]. 

Other data for alkylation of substituted pyrroles are noted in Section 
8 .D. 


6. Chloroalkylation 


Thiophene 

The most common chloroalkylation reaction, chloromethylation, is 
usually carried out with formaldehyde and hydrogen chloride, the elec¬ 
trophile being + CH,OH (OH is replaced by Cl in a subsequent fast step). 
Lewis acids, especially zinc chloride, are sometimes used as cocatalysts. 

The reaction favors 2-substitution of thiophene, yields being 40-62% 
[42JA477; 490S(29)31; 50USP2527680], Halogens in the 2-position direct 
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chloromethylation into the 5-position (70-80%) (47JA1549) as do acetyl, 
vinyl, ethoxycarbonyl (60CCC1058), propionyl (62M12), and ethynyl 
groups (62CCC372). In the presence of excess aluminum chloride, 2-ace- 
tylthiophene gave a 4-: 5-product ratio of 4.3, due to increased electron 
withdrawal at the 5-position by the coordinated carbonyl group; 2-formyl- 
thiophene behaves similarly (73JOU1542). Sulfuric acid-catalyzed chloro¬ 
methylation of 2-acetylthiophene by bis(chloromethyl) ether showed an 
increase in the 4-: 5-product ratio with increasing acidity for a similar 
reason (71CHE1265). 

Chloroethylation (using acetaldehyde instead of formaldehyde) in¬ 
volves a less reactive electrophile (the positive charge being better delo¬ 
calized by the methyl group). Reaction of 2-methoxycarbonylthiophene 
with ZnCl 2 /HCl and either formaldehyde or acetaldehyde gave the 5-chlo- 
romethyl and 5-(l-chloroethyl) derivatives in 72 and 32% yields, respec¬ 
tively (62M12). 


7. Acylation 

Vilsmeier-Haack formylation (using DMF/POCl 3 ), acetylation, and 
trifluoroacetylation have been studied. The reagent in trifluoroacetylation 
(the acid anhydride) is sufficiently electrophilic that no catalyst is re¬ 
quired, an advantage when rings are susceptible to cleavage. Use of ace¬ 
tyl trifluoroacetate gives mixed acetylation and trifluoroacetylation, the 
proportion of the latter increasing with increasing reactivity of the aro¬ 
matic. However, for compounds of the reactivity of 2-methylthiophene, 
trifluoroacetylation constitutes only ~1.4% of the total reaction (67MI3). 
The reliability of the relative rate data depends upon there being no com- 
plexing of the aromatics with the Lewis acid catalysts. Such complexing 
is so strong for pyrrole that it is very unreactive in the presence of these, 
and there is strong evidence (Section 7.C) that the reactivity of furan is 
also affected by complexing. As acylation deactivates and stabilizes the 
five-membered rings, the reaction is attractive for kinetic studies. 

A. Thiophenes 

Formylation of thiophene goes 70% into the 2-position, and the 2-Me, 
-Et, -Pr, -Cl, -Br (48JOC635; 49JOC405,638), -SMe (54JCS237), -SEt 
(60BAU1700,1705), and -cyclohexyl (80CHE339) derivatives formylate 
45-85% in the 5-position, whereas for 2-arylthiophenes the yields were 
80-100% (72ACS1851; 73CCC1809; 74CHE136). For 2-bromothiophene, 
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nucleophilic substitution of bromine by chlorine occurred as a side reac¬ 
tion. For 3-substituted thiophenes, the 2-: 5-product ratios are 16 [Ph 
(70ACS99)] and 7 [Me, Br [73JCS(P1)2327]], but steric hindrance causes 
3-t-butylthiophene to give 85% of 5-substitution (55JCS21). 

Kinetic investigation of the formylation of thiophene and of 2- and 3- 
methylthiophene in 1,2-dichloroethane showed the reactions to be first 
order in each of aromatic, DMF, and POC1,. However, for the much 
more reactive 2-methoxythiophene, the reaction is second order overall, 
and zeroth order in aromatic. This is consistent with a slow pre-equilib¬ 
rium to form the electrophile l(Me,NC + HCl)PO,CI 2 ~], which reacts with 
the aromatic to give the Wheland intermediate in a step which is rate¬ 
determining except when the aromatic is very reactive, whereupon this 
step becomes relatively fast. Finally, the intermediate decomposes to 
products in a fast step [72JCS(P2)2070]. 

Use of COCl 2 instead of POCl 3 gives a less reactive electrophile 
[Me,NC + HCl]Cr (because the negative charge is not delocalized in the 
anion). Thus, kinetics are first-order in aromatic for all thiophenes, 
thereby permitting meaningful comparisons of reactivity (Table 6.6). 
These data correlate approximately with a + -values, giving p = -7.3. A 
more limited data set for formylation with DMF-POCl 3 (Table 6.6) was 
said to give a p factor of -6.5, consistent with the latter reagent being 
less selective (since it is more electrophilic). However, in this work <r 


TABLE 6.6 


Partial Rate Factors Relative to Thiophene for 5-Acylation 
of Substituted Thiophenes 


Substituent 

Formylation" 

Formylation* 

Acetylation" 

Trifluoroacetylalion 1 ' 

2-OMe 

1.0 x 10 6 

_ 

_ 

1.8 x I0 6 

2-SMe 

— 

— 

— 

5200 

2-/-Bu 

398 

80 

— 

540 

2-Et 

217 

34 

— 

520 

2-Me 

196 

— 

17 

380 

2-Ph 

178 

— 

— 

110 

3-Me 

7 

— 

— 

— 

2-C1 

— 

0.14 

0.071 

0.58 

2-Br 

— 

— 

— 

0.46 

2-1 

- 

0.51 

- 

- 


"DMF-COC1, in CHClj at 30°C [74JCS(P2)1610], 

* DMF-POCI3 in CHClj at 80°C (80CHE230). 
c Ac,0-SnCl 4 in 1,2-dichloroethane (1,2-DCE) at 25°C (67T1739). 
‘'(CFjCOJjO in 1,2-DCE at 75°C [72JCS(P2)71J. 
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instead of ct + values were incorrectly used, and the difference in tempera¬ 
ture was neglected. Use of <x + gives p = -5.1 at 80°C, which is equiva¬ 
lent to -6.0 at 30°C, the temperature used in the other study. 

Many quantitative data are available for acetylation and benzoylation 
of thiophene under a variety of conditions, including use of acid chlorides 
or anhydrides with aluminum chloride or stannic chloride catalysts, acids 
or anhydrides with an inorganic acid catalyst, acids with phosphorus 
pentoxide, and Af.N-dimethylacetamide with phosphorus oxychloride. 
With regard to the two principal catalysts, stannic chloride needs to ap¬ 
proach the acylating reagent more closely because its coordinating ability 
is weaker than aluminum chloride. This, coupled with its size, makes acy¬ 
lation with stannic chloride more hindered than with aluminum chloride 
as catalyst. The latter tends to decompose thiophene, though this can be 
minimized by premixing the acyl halide and catalyst, in which case up to 
90% yield of 2-acetylthiophene can be obtained (1886CB636). On the 
other hand, the ketone products are much more strongly coordinated to 
aluminum chloride, thereby deactivating the ring so that disubstitution is 
least with this catalyst. Acylation of thiophene by an equimolar mixture 
of acetyl and benzoyl chlorides gave 88% of 2-acetylthiophene, showing 
that acetylation is the faster reaction (70JOU2531). 

Steric hindrance is greater for acetylation than for benzoylation (delo¬ 
calization of charge in the former means that the electrophile tends to 
be the polarized complex RC0 + A1C1 4 ~ rather than the free acylium ion 
[72MI2(181)]). The higher steric requirement of acetylation is consistent 
with the relative yields of 6.6, which are 60% (R = Me, 48RTC309) and 
72% (R = Ph, 78CJC1970). 



( 6 . 6 ) 


(6.7) 


(6.8) 


Acetylation of 5-methyl-2-phenylthiophene (in which the 3-position is 
the most activated but also the most hindered) gives 84% of 6.7 (R = Me, 
Ar = Ph) if A1C1 3 is the catalyst, but 77% of 6.8 (R = Me, Ar = Ph) if 
SnCl 4 is used. For acetylation with bulkier acyl chlorides, the amount of 
3-substitution (to give 6.7) was always less with SnCl 4 than with A1C1 3 as 
catalyst. However, stannic chloride-catalyzed benzoylation, which is less 
hindered, gave 75% of 6.7 (R = Ph, Ar = Ph) (73T413). Acetylation is 
less hindered than formylation (the bulk of the DMF-COCl 2 electrophile 
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is self-evident), and so in contrast to the above results, 5-methyl-2-phe- 
nylthiophene will not formylate at all [72CR(C)(275)49], The steric re¬ 
quirement of acetylation is also evident in reaction of 2-phenylthiophene, 
which gives slightly more of the 3-isomer (0.1-1.0%) than does formyl- 
ation (0.05%) (72ACSI851). In apparent conflict with this is the lower 

2- : 5-rate ratio of 2.3 (compared to 16 in formylation) for acetylation of 

3- phenylthiophene (70ACS99), but here the much higher selectivity of 
formylation causes a very large differential ortho- versus meta- phenyl 
substituent effect. The effect of steric hindrance shows up in many other 
data. For example, the 2-SMe and 2-OMe substituents give 5-: 3-product 
ratios of >10 (73CHE447), while 3-alkylthiophenes gave the following 
percentages of 2- and 5-acetyl derivatives, respectively: 74, 18 (Me); 31, 
48 (i-Pr); —, 82 (f-Bu) (47JA3093, 55JA4066, 55JCS21). The lower steric 
hindrance in benzoylation is shown by the higher 2-: 5-product ratio of 6 
for 3-methylthiophene (75CJC1) (cf. 4 for acetylation). Steric hindrance 
is likely to be the reason for both 2- and 3-f-butylthiophenes giving the 
same yield (82%) of the 5-isomer in acetylation (55JCS21). 

Steric hindrance in five-membered rings should be less than in benzene 
because of the different angles between adjacent C-substituent bonds (60° 
in benzene, 72° for a regular pentagon), which produces a greater distance 
between adjacent substituents in the former. The importance of this effect 
is demonstrated, for example, for stannic chloride acetylation of methyl 
and r-butyl derivatives of benzene and thiophene. Partial rate factors, rel¬ 
ative to the unsubstituted aromatic, are shown in Scheme 6.1 (71T4667). 


^^3.90 

746 

0.022 

0.056 _1.46 

0.043 

0.0 56.- y 

3.40 ll ^10.35 
X S X 

4.2 

t-Bu 

26.0 

3.04 

t-Bu 

sy^o.ooi 

UL. 

687 

0.087.-- 0.30 

0.002 — y 

5.03 ll ^)o.87 

x s x 

0.014xl0~ 4 

0.094xl0~ 3 

0.062.X10 -2 

0.34 

0.173 


Scheme 6.1. Partial factors for stannic chloride-catalyzed acetylation. 
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The ratio f a :/ p (Me)// 0 :/ p (/-Bu) is 15,700 for the alkylbenzenes but only 
69 for the 2-alkylthiophenes. Likewise the f a : / m (Me)//„:/ m (/-Bu) ratios 
are 44,700 (alkylbenzenes), 76.4 (2-alkylthiophenes), and 17.6 (3-alkylthi- 
ophenes). These results are free from any bond-order effects (which 
would equally affect the activation by both methyl and /-butyl substitu¬ 
ents). They indicate that the 2-/-butyl group produces more hindrance 
than the 3-/-butyl group, possibly through buttressing between it and the 
sulfur d orbitals. This view is reinforced by results for electrophilic substi¬ 
tution of benzo[b]thiophene (Chapter 8, Section 2.A.b.i). 

The relative reactivity ratio of thiophene to benzene in stannic chloride- 
catalyzed acetylation by acetic anhydride in 1,2-dichloroethane at 25°C, 
determined from the relative reactivity ratio of thiophene to anisole (3.1) 
(67T1739) and of anisole to benzene (2.9 x 10 5 ), is 9 x 10 5 
[70JCS(B)1153]. The benzene : anisole ratio is for aluminum chloride-cat¬ 
alyzed acetylation by acetyl chloride (62JA1658) but this exhibits similar 
selectivity to the stannic chloride-catalyzed acetylation [70JCS(B)1153]. 
The amount of 3-substitution at 25°C in acetylation by acetic anhydride/ 
stannic chloride, by acetic anhydride/iodine (which shows similar selec¬ 
tivity but lower reactivity, 67T1739), and by acetyl trifluoroacetate, and 
in benzoylation by benzoic anhydride/stannic chloride, was very small 
(0.3-0.7%), leading to a 2-: 3-rate ratio of —200. The ratio decreased 
slightly with increasing temperature (reactivity-selectivity effect), but the 
amount of 3-isomer was less than 1.5% at 75°C [70JCS(B)1153]. From 
these data,/, = 2.7 x l0 6 and/ 3 = 1.35 x I0 4 , hence at = -0.71 and 
cr 3 = —0.45. 

Partial rate factors (relative to thiophene) for acetylation and trifluoro- 
acetylation at the 5-position of 2-substituted thiophenes (Table 6.6) show 
that the trifluoroacetylation is slightly more selective than formylation 
(with p = -7.4), whereas the acetylation is much less selective. In ace¬ 
tylation (in benzene at 20°C), 2-(2-thiophenyl)thiophene and 3-(3-thiophe- 
nyl)thiophene are —50-fold more reactive than thiophene (77TL389). 

Acetylation has also been carried out with A,A-dimethylacetamide/ 
phosphoryl chloride, and is —5 x IO 3 times slower than formylation with 
DMF/phosphoryl chloride [74JCS(P2) 1610]. This finding is consistent 
with greater delocalization of the charge in the electrophile for the acetyl¬ 
ation compared to the formylation. 

Aluminum chloride-catalyzed acylation may be accompanied by forma¬ 
tion of o- complexes (i.e., thiophenes protonated by the very strong acid 
co-product HA1CI 4 ) (75JOU412). This will be more serious under any of 
the following conditions: (I) the thiophenes contain electron-supplying 
groups, as they will then be better bases; (2) solvents that do not contain 
nitro groups are used, because aluminum chloride is then not coordinated 
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to a nitro group and HA1C1 4 formation is facilitated; (3) the halide RCOCI 
contains an electron-withdrawing group in R, which lowers the ability of 
aluminum chloride to coordinate at oxygen in the acyl halide or the ke¬ 
tone product, again increasing the concentration of HA1C1„; (4) excess 
aluminum chloride is used. 

These features explain why chloroacetylation of activated thiophenes 
is slower than acetylation, whereas the converse order should apply, as 
it does for deactivated thiophenes. 

B. Selenophene and Tellurophene 

The reactivity of selenophene relative to thiophene has been deter¬ 
mined as 2.28 (acetylation), 3.64 (formylation in phosgene), and 7.33 
(trifluoroacetylation), under the conditions given in Table 6.6. The corres¬ 
ponding values for tellurophene are 7.55, 36.8, and 46.4, respectively 
[7 ICC 1441; 73JCS(P2)2097]; both compounds are less reactive than furan 
(Section 7.C). The reactivity ratio of selenophene to thiophene was also 
confirmed (semirigorously) in formylation (with A r -methyl-/V-phenylfor- 
mamide/phosphoryl chloride) and acetylation (with acetic anhydride/ 
phosphoric acid) of 6 . 9 ; the rate ratios for substitution in the a-positions 
were 4.0 and 3.75, respectively. Competitive formylation of selenophene 
and thiophene under these formylation conditions gave a rate ratio of 4.9 
(73JGU871). 



(6.9) 


The activating effects of a 2-methyl group in selenophene and telluro¬ 
phene are, respectively, similar and slightly greater than that in thio¬ 
phene. The factors are 300 and 620 in formylation, and 280 and 500 in 
trifluoroacetylation (77G339). 


C. Furans 

Furan is more reactive than thiophene by factors of 11.9 (acetylation), 
107 (formylation in phosgene), and 140 (trifluoroacetylation), under the 
conditions given in Table 6.6; iodine-catalyzed acetylation gave a rate 
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ratio of 9.3 [67T1739; 69T4599; 73JCS(P2)2097]. Accurate 2-: 3-rate ratios 
have been determined in acetylation as 6800 and 800 (Ac 2 0, SnCl 4 , 25 
and 75°C), and 6000 (acetyl trifluoroacetate, 75°C) (71TL3833). Partial 
rate factors for the 2- and 3-positions in acetylation have been calculated 
as 3.2 x 10 7 and 4.7 x 10\ respectively (70TL1389; 71TL3833). These 
lead to ct + values substantially less than for other reactions and also low 
relative to thiophene. It is reasonably certain that the reactivity of furan 
is lowered through coordination with the Lewis acid (significantly, pyr¬ 
role is virtually unreactive in the presence of such catalysts). Moreover, 

2- methylfuran failed to give a quantitative yield in stannic chloride-cata¬ 
lyzed acetylation, and this is believed to be due to complex formation. 
The 2-methyl substituent activates the 5-position by factors of 880 and 
1700 in formylation and trifluoroacetylation, respectively (69T4599; 
77G339) showing furan to be more selective to substituent effects than 
other five-membered heterocycles; this has been confirmed by other data 
[86HC(44,2)1], The nucleophilicity of 2-methylfuran is high enough to 
give 18.5% of trifluoroacetylated product in the reaction with acetyl 
trifluoroacetate (67MI3) (cf. 2-methyl thiophene. Section 7.A). 

Partial rate factors for trifluoroacetylation at the 5-position of 2-substi- 
tuted furans in 1,2-dichloroethane at 75°C [Table 6.7, [72JCS(P2)71]] cor¬ 
relate approximately with cr + values, with p = -10. The effects of para 
substituents on the rate of acetylation and trifluoroacetylation of 2-aryl- 
5-methylfurans have been studied. In the latter reaction, the relative rates 
of substitution at the 3-position (to give 6.10) were H, 1.0; Cl, 0.43; Me, 
5.3; and OMe, 35.4, which correlated with the Yukawa-Tsuno equation, 
p = -2.6, r = 0.74. For acetylation, the corresponding relative rates for 

3- substitution were 1.0, 0.58, 3.4, and 12.5 (p = -1.76, r = 0.74), and 
for 4-substitution (to give 6.11), 1.0, 0.9, 1.7, and 1.4 (73BSF1760). For 
SnCl 4 -catalyzed acetylation of 5-methyl-2-phenylfuran, the 3-: 4-prod- 
uct ratio was 1.5, larger than for the corresponding thiophene 
[72CR(C)(275)49], presumably because the higher 2 : 3-bond order in fu¬ 
ran outweighs any steric considerations. 



(6.10) (6.11) 


(R = CF. or CH.) 
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TABLE 6.7 

Partial Rate Factors (Relative to Furan) for Trifluoroacetylation 
of the 5-Position of 2-Substituted Furans 

Substituent SMe Me Et t-Bu Ph Cl Br 

/ 17000 1700 1400 860 300 0.071 0.036 


D. Pyrroles 

Vilsmeier-Haack formylations of pyrrole and of 1-alkylpyrroles take 
place in good yields, but the 2-: 3-product ratio depends markedly on the 
size of the alkyl group as follows: Me, >99; Et, 11.5; /-Pr, 1.9; r-Bu, 0.07; 
PhCH 2 ,6.2; Ph, 9 [70JCS(C)2563]. These results show again that formyl- 
ation is very sterically hindered. This steric hindrance has been erron¬ 
eously estimated as producing a 2000-fold rate reduction, since 1-methyl- 
pyrrole undergoes Vilsmeier-Haack formylation at the 2-position 100 
times less readily than pyrrole, whereas a 3-methyl substituent activated 
the 2-position ~20-fold [84JCS(P2)1179, 84JCS(P2)1607]. This calculation 
assumes that a methyl group will activate equally across the 1,2- and 2,3- 
bonds, but because of bond fixation this will not be the case. The bond 
fixation effect means that para substituents in the 1-phenyl group :annot 
conjugate with either reaction center, so they produce very little effect on 
the 2-: 3-product ratio. By contrast, conjugatively electron-withdrawing 
substituents (COMe, COPh, CCLEt) on nitrogen produce exclusively 2- 
formylation (in quite high yield). This is because juxtaposition of like 
charges makes the canonicals 6.12b and 6.13c very unstable and 6.12a 
and 6.13b fairly unstable. 



(6.12a) (6.12b) (6.13a) (6.13b) (6.13c) 


Substitution at the 3-position is therefore favored by the relative stabil¬ 
ity of the remaining canonical (6.13a). Moreover, the I-acyl groups (un¬ 
like the 1-alkyl groups) will be coplanar with the ring so that approach of 
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the electrophile (perpendicular to the plane of the ring) will not be appre¬ 
ciably hindered [70JCS(C)2563]. The high steric hindrance to formylation 
is also shown by the formation of 20% of 6.14 and 80% of 6.15. For the 
corresponding stannic chloride-catalyzed acetylation, the percentages be¬ 
come 55 and 45, respectively [72CR(C)275)49], Formylation of 2-me- 
thoxycarbonylpyrrole gives mainly the 5-isomer [cf. acetylation, below 
(67CJC897)]. 



(6.14) (6.15) 

Acetylation of pyrrole is difficult because if forms a 2 : 1 complex with 
stannic chloride (29CB226). Hence, under the conditions used for the 
other five-membered rings (i.e., acetic anhydride in the presence of one 
hundredth molar equivalent of stannic chloride or iodine), no reaction 
occurs, and only 20% acetylation is obtained if the molar proportion of 
the catalyst is reduced 10-fold. The effect of complex formation also 
shows up in the inhibition of stannic chloride-catalyzed acetylation of fu- 
ran or thiophene, on addition of pyrrole (67MI4). Catalyzed acetylation 
of 2-cyano-, 2-formyl-, or 2-methoxycarbonylpyrrole gives mainly 4-sub¬ 
stitution (67CJC897) indicating that the catalyst must also be coordinated 
with the substrate; l-methyl-3-nitropyrrole acetylates only in the 5-posi¬ 
tion (57CJC21). 

The high reactivity of pyrrole means that acetylation can be achieved 
without any catalyst, a mixture of 2- and 1-acetyl derivatives being ob¬ 
tained (50% yield), in an initial ratio of 6 which decreases to 1.7 as reac¬ 
tion proceeds. 1-Acetylation probably takes place on the pyrrole anion 
(the electrophile would be attracted by the high charge density), since the 
2-: 1-product ratios are 10 and 1 in the presence of acetic acid and sodium 
acetate, respectively. The presence of triethylamine increases the anion 
concentration and removes the acetic acid co-product, so giving 80% of 
1-acetylpyrrole. For the maximum yield (85%) of 2-acetylpyrrole, the best 
method involves Vilsmeier-Haack acetylation with Af.AT-dimethylaceta- 
mide (67M14). Bis(l-methylpyrrole-2-yl) is three times more reactive than 
1-methylpyrrole in acetylation by MeCOCl/SnCL, (77TL389). 

Pyrrole is 5.3 x 10 7 times more reactive than thiophene toward triflu- 
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oroacetylation in 1,2-dichloroethane at 75°C. This very high reactivity is 
due to reaction on the neutral molecule rather than the pyrrole anion, 
since 1-methylpyrrole is even more reactive by a factor of 1.9 (69T4599); 
similar results are obtained in Vilsmeier formylation and acetylation 
[72CC427; 77JCS(P2) 1284]. 

Partial rate factors, relative to pyrrole, for trifluoroacetylation at the 5- 
position of some 2-alkylpyrroles are: Me, 23.8; Et, 24.8; I-Bu, 24.8 
[72JCS(P2)71], Thus, the activating effect of a 2-alkyl group is far lower 
than that found in furan and thiophene, and this is confirmed in Vilsmeier 
formylation and acetylation of pyrroles where 2-methyl activates by fac¬ 
tors of 15 and 42, respectively [77G339, 77JCS(P2) 1284]. 

In acylation by acetyl trifluoroacetate, the ratio of trifluoroacetylation 
to acetylation increases with increasing nucleophilicity of the aromatic 
(70G556), the percentage of trifluoroacetylation being 50% for pyrrole and 
92% for 2-methyIpyrrole (67MI3). Curious is the very large difference in 
the 2-: 3-product ratios for pyrrole which are 6 (acetylation) and >1000 
(trifluoroacetylation) [70JCS(B)1153]; in acylation by fluorinated immon- 
ium salts, the 2-: 3-product ratio (for formation of pyrCOCHClF deriva¬ 
tives) is almost 1.0 (75CC956). 


8. Other Electrophilic Substitutions 

The reactivities of the five-membered rings and derivatives have been 
determined in a number of other reactions, including those where the 
group replaced is not a proton. These latter have the advantage that the 
reactivities of individual positions relative to a proton in benzene can be 
determined directly. 


A. Thiophenes 

Many thiophenes have been lithiated en route to other derivatives. The 
lithiation reaction [Eqs (6.1) and (6.2)] is related to base-catalyzed hydro¬ 
gen exchange, but differs from it in the relative rates of steps (6.1) and 
(6.2), the latter being obviously faster and non-rate-determining for 
lithiation. 


ArH + R ^ Ar + RH (6.1) 

Ar +Li'-^ArLi (6.2) 


Lithiation shows a kinetic isotope effect, with a k H : k T ratio of 5.9 
(55AK343). Lithiation occurs initially at the 2-position (the carbanion 
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there being better stabilized by electron withdrawal), and then at the 5- 
position [77JCS(P 1)887], The preference for a-substitution is such that 
both electron-supplying and electron-withdrawing substituents at the 2- 
position (e.g., Me, OMe, SR) direct into the 5-position [53JA3697; 
59BAU1925, 59JGU2003; 60BAU1700; 62AK(18)513]; SMe was shown to 
activate (59JGU3592). At the 3-position, inductive acceptor ( -I) substitu¬ 
ents (OMe, SMe, Br) direct into the 2-position, inductive acceptor/reso¬ 
nance donor (-/, + M) aryl groups direct into the 2- and 5-positions, 
whereas inductive and resonance donor (+/, + M) alkyl groups direct into 
the 5-position (54AK361, 54JOC70; 58AK269,295 ; 60AK309, 60AK363, 
60JA1447; 71JOC1053). 

Halogens can also be replaced by lithium in an analogous reaction. In 
lithiodebromination of 3-alkyl-2,5-dibromothiophenes (6.16) with n-butyl- 
lithium, the ratio of 3-alkyl-2-bromo-/3-alkyl-5-bromothiophenes de¬ 
creased from 4.26 (R = methyl) to 0.75 (R = /-butyl) [74CS(5)217], show¬ 
ing very nicely the effect of steric acceleration; as R is made larger, the 
2-bromo group is preferentially removed to relieve ground state strain. 



(6.17) 


Another reaction of considerable preparative value for thiophenes is 
mercuriation (with mercuric chloride or mercuric acetate), the lower se¬ 
lectivity here (especially with the acetate) giving significant yields of p- 
substituted derivatives. These arylmercurial derivatives are readily con¬ 
verted into other compounds. Mercuric chloride substitutes in the 2- and 
then the 5-position [1892LA(267)172; 14LA(403)50], and the OR and SR 
substituents direct into the 5- and then the 3-position [32LA(495)166]. 

A number of examples of a- and ^-substitution with mercuric acetate 
are known [86HC(44,2)1, Table 8]. Mercuriation of thiophene with mer¬ 
curic acetate was claimed to give a high 2-: 3-positional selectivity 
[70JCS(B)1153], though no quantitative data are available. The reactivity 
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ratio of thiophene to benzene was also high (~10 5 ) (57MI1) leading to a 
partial rate factor f 2 = 1.85 x 10 6 , and hence a 2 = - 1.565 (since p for 
mercuriation is -4.0). In this work, partial rate factors (relative to the 2- 
position of thiophene) were also determined for 5-substituents as follows: 
Cl, 0.26; MeCO, 0.0028; EtCO,, 0.0034. 

The value for a 2 ' n mercuriation is completely out of line with other 
data, which led to the proposal [71AHC(I3)235] that mercuriation of thio¬ 
phene involved coordination at sulfur. Although such coordination would 
not be unreasonable, this explanation must be incorrect for the following 
reasons. 

(1) By the principle of microscopic reversibility, coordination must be 
involved in the reverse reaction, protiodemercuriation, and indeed this 
reaction (ethanolic HC1, 70°C) gives a partial rate factor f 2 = 1720, yield¬ 
ing an anomalously high value for o 2 of - 1.125 (65AJC1513). However, 
protiodemercuriation of furan also yields anomalously high a + values, viz 
at = - 1.25, a, = -0.75 (65AJC1513). The difference, at - at, of 
0.5 is the same as that observed in a range of reactions of furans, and 
since a coordination step is most improbable for 3-substitution, it must 
also be ruled out for 2-substitution of furan. 

(2) Although coordination is evidently not involved in protiodemercur¬ 
iation of the 2-position of furan, the difference a 2 (furan) - a 2 (thiophene) 
for protiodemercuriation is 0.1, the same as found in a range of other 
reactions. Clearly, coordination cannot be involved in the pathway for 
demercuriation of the 2-position of thiophene, and therefore it cannot be 
involved in mercuriation. 

This leaves unexplained the anomalously high reactivities for both 
mercuriation and protiodemercuriation. For the latter, it may be relevant 
that with thiophene and substituted thiophenes kinetics were second or¬ 
der for only 20% of reaction, and there were marked differences in entro¬ 
pies of activation for the heterocyclic and phenyl derivatives. Even for 
benzenoid compounds the reaction is not well behaved as (1) the Ham¬ 
mett correlation shows marked curvature, suggesting that reactive com¬ 
pounds undergo a different mechanism to unreactive ones; (2) the reac¬ 
tion is sensitive to oxygen; and (3) it is sensitive to added chloride ion, 
due possibly to salt effects and reaction via hydrogen chloride ion pairs 
(65AJC1521). A reexamination of both mercuriation and protiodemercur¬ 
iation of thiophene would seem desirable. 

While plumbylation with lead tetraacetate does not occur for thio¬ 
phene, the presence of electron-withdrawing groups in the acid moiety 
produces reaction. Thus, with one ligand replaced by dichloroacetate, a 
63% yield of 2-thiophenelead triacetate is obtained (74TL853). Another 
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probable driving force for the reaction is relief of steric hindrance in the 
lead reagent, since plumbylation with lead tetra(2-methylpropanoate) 
gave di(2-thiophenyl)lead bis(2-methylpropanoate) (6.17) [58DOK(123) 
295], 

Thiophene is sulfonated 76% in the 2-position, with only a small 
amount of the 3-isomer produced [24LA(437)14; 33LA(501)174], The 
yield of the 2-isomer can be boosted to 86% using pyridine sulfur trioxide 
complex (52JGU189). Sulfonation of the 2-sulfonic acid gave the 2,5-di- 
sulfonic acid (48MI2; 53MI1), but the more electron-withdrawing 2-S0 2 Cl 
substituent directs sulfonation into the 4-position [24LA(437)14; 
60BSF793], Chlorosulfonation of the 2-sulfonyl chloride gave a 4: 5-prod¬ 
uct ratio of 2.0 (81PS111). 2-Methyl- (6.18) and 2-/-butylthiophene (6.19) 
are sulfonated in the 5-position (56BAU627; 80URP707916), but 3-/-butyl- 
thiophene (6.20) undergoes sulfode-/-butylation (56BAU627), presumably 
because the site most strongly (electronically) activated toward electro¬ 
philic substitution happens to be that most sterically hindered, so the ipso 
activation of the 3-position by the /-butyl group becomes of overriding 
importance. 2,5-Dimethylthiophene (6.21) and 2,5-di-/-butylthiophene 
(6.22) are sulfonated in the 3-position (75-95% and 78% yields, respec¬ 
tively) (53JGU263). The result for 2,5-di-/-butylthiophene is particularly 
surprising in view of the behavior of 3-/-butylthiophene. The effect of 
steric hindrance is also shown by the positions of sulfonation of 6.23 and 
6.24 (53JGU263); the free site in 6.24 is so crowded that sulfode-/-butyl- 
ation of the 3-position is preferred. 



(6.18, R = Me (6.20) (6.21, R = Me 

6.19, R = t-Bu) 6.22, R = t-Bu) 



(6.23) 


(6.24) 
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2-Chloro-, 2-bromo-, and 2-iodothiophenes are sulfonated in the 5-posi- 
tion in 95, 90, and 77% yield, respectively (51ZOB1524). 2-Chlorothio- 
phene is chlorosulfonated 48% in the 5-position (a surprisingly low yield), 
the comparable yield for 2-bromothiophene (in the presence of PCI,) is 
96% [34LA(512)136; 60BSF793; 81JMC959], Steric hindrance appears to 
be responsible for the 5-substitution (in 62% yield) for chlorosulfonylation 
of 2,5-dibromothiophene (in the presence of PCI 5 ), whereas 2,5-dichloro- 
thiophene gave 71% of the 4-derivative [34A(512) 136; 55JA3410; 
81JMC959]. The strong activation by the NHAc substituent across the 
2,3-bond is such that, whereas room-temperature sulfonation of 2-acetyl- 
aminothiophene gives the 5-sulfonic acid, at I00°C an 89% yield of the 
3,5-disulfonic acid is produced (54CB1184). 2-Acylthiophenes are sulfo¬ 
nated in the 5-position, but the greater electron withdrawal by the 2-nitro 
group at the 5-position is such that 2-nitrothiophene is sulfonated in the 
4-position (60BSF793). 5-Alkyl-2-acylthiophenes not only are sulfonated 
in the expected 4-position (strongly activated by the 5-alkyl group) but 
surprisingly undergo sulfodeacylation at the 2-position (1886CB660, 
1886CB2623; 1896CB2560). 

Partial rate factors for the protiodeboronation of thiophene [acid cleav¬ 
age of the B(OH) 2 group] have been determined as f 2 = 5.5 x 10', /, = 
5.5 x 10 1 (65AJC1521; 75JHCI95); these give corresponding cr + values 
(p = -5.0) of - 1.16 and -0.755, respectively. Like the values obtained 
in protiodemercuriation, these are anomalously high, and Brown et al. 
have suggested that the differing coordinating ability of boron in the phe¬ 
nyl and heterocyclic compounds is probably responsible. Moreover, the 
p factor for the reaction is not accurately known, being very dependent 
upon the reaction conditions, as is the mechanism [72MI2(287)j. How¬ 
ever, the difference in the positional reactivities, given by a 2 - cr} 
(0.405), is close to that obtained from a number of other reactions. 

Partial rate factors have also been determined in protiodesilylation 
(acid cleavage of the SiMe, group) as f 2 = 4060, / 3 = 97 [56JCS4858; 
59JCS2299; 61JCS4921; 70JCS(B)I364] yielding corresponding cr + values 
(p = -4.6) of -0.785 and -0.43. Eaborn and Seconi have used the reac¬ 
tion to provide a set of data for substituted thiophenes (Table 6.8), which 


TABLE 6.8 

Partial Rate Factors (Relative to the 2-Position of Thiophene) for 
Protiodesilylation at 50°C 

Substituent 5-OMe 5-Me 5-C1 5-Br 3-Br 4-Br 5-NO, 3-NO, 

f 5900 36 0.128 0.098 0.055 0.0065 9.1 x 10 7 7.1 x 10 7 
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covers a greater reactivity range than for any other reaction and are, 
therefore, particularly meaningful [81 JCS(P2)931]. Noteworthy features 
are the following. 

(1) The 3-Br substituent is less deactivating relative to the 5-Br substit¬ 
uent (/ 3 . Br // 5 . Br = 0.56) than is the case for the corresponding interaction 
in benzene (/ 2 Br // 4 . Br = 0.24) [72MI2(335)]. This may reasonably be at¬ 
tributed to better transmission of the +M effect across the 2,3-bond in 
thiophene, due to the higher bond order. 

(2) Substituents produce a larger effect than they do in benzene, indi¬ 
cating that the transmission of electronic effects is greater in thiophene. 
This is in contrast with the results obtained in hydrogen exchange and 
apparent results obtained in a number of other reactions. 

As is discussed in detail later (Section 10.C), an important factor, over¬ 
looked in previous analyses, is the greater ability of resonance donor and 
acceptor ( + M and -M) substituents to become coplanar with the thio¬ 
phene ring (due to the greater bond angles external to the ring). This is 
demonstrated in desilylation, in which the nitro group deactivates ~10 3 
times more than in benzene; however, a quantitative measure of the effect 
needs to take into account that in the strong acid medium used for desily¬ 
lation of the nitrothiophenes, hydrogen bonding would certainly have 
been significant. Protiodesilylation of thiophene was also used in the first 
demonstration that SiMe 3 group is cleaved more readily than the SiPh 3 
group from aromatic rings (49JA2066). Protiodeplumbylation was used in 
the first demonstration that furan was more reactive than thiophene to¬ 
ward electrophiles through acid cleavage of 6.25, from which furan was 
removed more readily than was thiophene (32RTC1054). 



Rates of base-catalyzed protiodesilyation of substituted 2-trimethylsil- 
ylthiophenes have been measured along with the solvent isotope effects 
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(Table 6.9) [81JOM(204)153]. The latter were measured in terms of the 
product isotope effect (PIE), and the rate isotope effect (RIE), obtained 
by carrying out the reaction in 1 : 1 MeOH-MeOD, and either MeOH or 
MeOD at constant base concentration, respectively. In this reaction, 
electron-withdrawing substituents increase the reaction rate and there is a 
parallel between the rates and energies of deprotonation of the substituted 
thiophenes, calculated by the ab initio method (STO-3G level). This re¬ 
sult, and the magnitudes of the respective isotope effects, were shown to 
be consistent with formation of aryl anions in the rate-determining step 
of the reaction. It is noteworthy that comparison of the rates of these 
desilylations with those of the corresponding benzene derivatives showed 
the nitro substituent to activate more in the thiophenes; correlation of the 
substituent effects against ct 0 values showed that both the NO, and COPh 
substituents were slightly more activating than expected. Again it seems 
probable that greater coplanarity between the substituent and the thio¬ 
phene ring permits greater electron withdrawal by these electron acceptor 
(- M ) substituents than is the case in benzene. 

Brown et al. studied iododeboronation of thiophene [cleavage of 
B(OH), by potassium iodide in methanol]. The partial rate factors at 25°C 
were /, = 9.7 x 10 3 and / 3 = 7.0 x 10 : . In this reaction there was a 
marked difference of entropy of activation between the phenyl com¬ 
pounds on the one hand and the thiophenyl compounds on the other, lead- 


TABLE 6.9 


Relative Rates and Isotope Effects in 
Cleavage of Substituted 
Trimethylsilylthiophenes" 


Substituents 


RIE 

PIE 

5-NMe, 

0.04 



5-OMe 

0.64 

0.50 


5-Me 

0.20 



H 

1.0 


1.0 

5-C1 

95 

0.47 

1.2 

5-Br 

130 

0.45 

1.2 

4-Br 

284 

0.48 


3-Br 

1460 

0.48 


4.5-Br, 

1.56 x 10 4 



5-COPh 

5000 

0.43 

1.1 

5-CN 

1.29 x 10 s 

0.45 


5-NO, 

8.75 x I0 5 

0.42 

1.1 

3-NO, 

1.75 x I0 6 

0.50 

1.2 


"By NaOH/NaOMe at 50°C. 
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ing to the suggestion that differential solvation effects were responsible 
(65AJC1527). A similar factor is probably the cause of the very low 
log .A/log /, ratio (1.40), compared to other reactions. 

The unique combination of substituent and site reactivity evident in 
five-membered heterocycles shows up in the nitration of 5-methylthio- 
phene-2-carboxylic acid (6.26). Nitration takes place at the 4-position ac¬ 
companied by nitrodecarboxylation at the 2-position (32RTC1134). De¬ 
spite the presence of the carboxyl group, the 2-position is the most 
activated site; moreover, in the species reacting the carboxy group is 
probably present as the much less deactivating anion. Likewise, 27% ni- 
trodebromination occurred in nitration of 2-bromo-5-cyclopropylthio- 
phene (6.27) (81CHE152), due to the very strong activation of the 2-posi¬ 
tion (cyclopropyl is the strongest electron-releasing alkyl group). Similar 
arguments account for nitrodebromination at the 3- and 5-positions of 2- 
acetylamino-3,5-dibromothiophene (6.28) (47JA1173). 



(6.26) (6.27) (6.28) 


B. Selenophene and Tellurophene 

Selenophene is 1.5 times more reactive than thiophene toward lithiation 
by Ph 3 CLi. Selenophene (71CHE938) and tellurophene [76ACS(B)605] 
are preferentially lithiated in the 2-position. Selenophene sulfonates at the 
2-position, and 2-methyl-, 2-carboxy-, and 2-formylselenophene sulfonate 
at the 5-position (64JGU 1814,2201). Towards protiodemercuriation at the 
2-position, selenophene is either slightly more or less reactive than furan, 
depending on the reaction temperature (65AJC1513). 

C. Furans 

Furan is more reactive than thiophene toward lithiation by n-BuLi 
[77JCS(P 1)887], 

Partial rate factors have been determined for protiodemercuriation, 
protiodesilylation, and protiodeboronation of the corresponding furan de¬ 
rivatives. The values for/ 2 and/ 3 , respectively, are 4000, 150 (demercur- 
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iation, 65AJC1513); 14,600, 117 [desilylation, 61JCS4921; 70JCS(B) 1364]; 
9.1 x 10\ 7050 (deboronation, 75JHC195; 76JHCI265). All three sets of 
data show excellent consistency relative to the corresponding thiophene 
data in that the 2- and 3-positions of furan are the more reactive in every 
case. The corresponding <r + values are - 1.255, -0.76 (demercuriation); 
-0.905, -0.45 (desilylation); and -1.19, -0.77 (deboronation). How¬ 
ever, as with thiophene, only the desilylation values are consistent with 
those obtained generally. The other reactivities relative to benzene ap¬ 
pear anomalously high for the reasons noted for thiophene in Section 8. A. 
Furan and 2-methyIfuran sulfonate in the 2(5)-position, but when both ex¬ 
positions are blocked (as in 2,5-dimethylfuran) sulfonation takes place at 
the 3(4)-positions (49ZOB531; 54JOC894). 

D. Pyrroles 

The high basicity and consequent electrophilic reactivity that hinder 
the determination of the reactivity of pyrrole relative to other aromatics 
facilitates reaction with unreactive electrophiles. This was utilized by 
Butler and co-workers, who measured partial rate factors for methyl sub¬ 
stituents (Table 6.10) in coupling with benzenediazonium ions 
[77JCS(P2)1452] and in alkylation by 4-()V,(V-dimethylamino)benzalde- 
hyde [76JCS(P2)696]. The selectivities of both reactions are remarkably 
similar. Reaction with p-X-benzenediazonium ions (X = OMe, CN, NO,, 

TABLE 6.10 

Partial Rate Factors (Relative to the 2-Position of 
Pyrrole) for Diazonium Coupling and Alkylation 
of Pyrroles at 25°C 


Substituent 

Diazonium coupling" 

Alkylation'’ 

l-Me 

3.7 

4.1 

2-Me 

41 

39 

1,2-Me, 

133 

154 

2,3-Me, 

78 

293 

2,4-Me, 

1970 

2230 

2,5-Me, 

4.8 

— 

3,4-Me, 

128 

393 

1,2,3-Me, 

— 

771 

1,2,5-Me, 

3.6 

98 

2,3,5-Me, 

0.26 

— 

3-Et-2,4-Me, 

26,000 

5560 


“In 0.05 M HCI. 
‘In 1.5 M HCI. 
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S0 3 H) indicated that reaction occurred via an A-S E 2 mechanism and the 
neutral pyrrole species. Assuming additivity in diazonium coupling, the 
activating effects of a 3-, 4-, and 5-methyl group can be calculated as 48, 
1.9, and 41, respectively, so once again the 2,3-interaction is greater than 
the 2,5-interaction. Comparison of the results for the 2,5- versus the 3,4- 
dimethyl compounds shows the a-position to be —25 times more reactive 
than the (3-position. The anomalously low reactivities of the 1,2,5- and 
2,3,5-trimethyl compounds are almost certainly due to steric hindrance, 
but the reactivity of the 3-ethyl-2,4-dimethyl compound is inexplicably 
high (additivity predicts a value —10-fold lower). 

Pyrrole is sulfonated in high yield at the 2-position by SO,-pyridine 
(49ZOB538) and 5-sulfonation is preferred for most substituted pyrroles 
unless both a-positions are blocked (49ZOB538,1365,2118; 51ZOB281). 


9. Side-Chain Reactions 

Measurement of rates of reactions in which a carbocation is formed in 
the side chain of an aromatic leads to a direct measure of the electrophilic 
reactivity at the aromatic ring. This method, first used for five-membered 
heterocycles by Taylor using pyrolysis of 1-arylethyl acetates 
[68JCS(B)1397], has been extended to solvolysis of 1-arylethyl acetates 
by Hill and co-workers (see, e.g., 69JA7381), and to solvolysis of 1-aryl¬ 
ethyl p-nitrobenzoates by Noyce and co-workers (see, e.g., 70JOC1718). 
The advantages of the method are that the p factors are fairly small so 
that rate comparisons are possible under nearly identical conditions. This 
is particularly true for pyrolysis, which has the additional advantage of 
the absence of solvent, so that the results are unaffected either by proton¬ 
ation or by hydrogen bonding. 

A. Thiophene 

Taylor reported pyrolysis rates for l-(2'- and -3'-thiophenyl)ethyl ace¬ 
tates at temperatures between 318 and 379°C [68JCS(B)1397], Compari¬ 
son with data for 1-phenylethyl acetate gave log k/k 0 values at 600 k of 
0.524 and 0.251, respectively, and hence at = -0.795 and = -0.38 

(p = -0.66). 

Solvolysis of the same compounds in 30% aqueous ethanol at 25°C by 
Hill et al. (69JA7381) gave k/k 0 values of 5.4 x 10 4 and 480, respectively, 
hence crt = -0.83 and ext = -0.47 (p = -5.7). 5-Methyl and 5-bromo 
substituents altered the reactivity of the 2-position by factors of 74 and 
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0.18, respectively. The factor for Me is greater than predicted for a para 
substituent in benzene for a reaction of this p factor (30.4 and 0.20, re¬ 
spectively), suggesting that substituent effects are transmitted better in 
thiophene (but see below). Solvolysis of the l-arylethyl p-nitrobenzoates 
in 80% aqueous ethanol gave rate coefficients for the 2-position at 25 and 
45°C, and for the 3-position at 75°C (70JOCI718). Extrapolation of the 
former data to 75°C gave k 2 /k 3 = 60, which is equivalent (Arrhenius equa¬ 
tion) to 120 at 25°C. Using the value of f 2 at 25°C (2.27 x I0 -6 sec - ') and 
the value for 1-phenylethyl p-nitrobenzoate of 4.1 x 10 " sec -1 (there is 
some uncertainty in this value, which is interpolated from data for the 
corresponding chloride (69JOC1008)] gives /, = 5.5 x 10 4 and hence /, 
= 460, leading to ct + 2 = -0.815 and o + , = -0.460. The p value is taken 
as -5.8 (72TL3893), an estimate based on the value for the chloride 
(68JA418), itself determined by assuming that £ rel values are independent 
of both solvent composition and temperature, which is not rigorously cor¬ 
rect. Thus, of the parameters for nitrobenzoate solvolysis, the most accu¬ 
rate is probably the k 2 /k 3 value. 

In this reaction, partial rate factors (relative to reaction at the 2-posi- 
tion) were determined (Table 6.11) (72JOC2615), and if the points for the 
C0 2 Et substituents are excluded (5-C0 2 Et is particularly deviant), a very 
good correlation with ct + is obtained (p = -6.7), and again the effects of 


TABLE 6.11 

Rate Factors (Relative to the 2-PosrnoN of the 
Heterocycle) for Solvol.ysis of Substituted 
I-(2-Aryl)ethyl p-Nitrobenzoates at 25°C“ 


Substituent 

Thiophenes 

Furans 

5-OMe 

1.61 x 10 5 

_ 

5-Cyclopropyl 

503 

— 

5-Me 

81 

214 

5-Ph 

15.4 

— 

5-Br 

0.137 

0.271 

5-CO,Et 

1.21 x 10 4 

3.70 x 10 4 ‘ 

5-NO, 

— 

1.45 x 10* 

4-Br 

1.87 x 10 3 

4.76 x 10 3 

4-C0,Et 

7.05 x 10 4 

7.67 x 10 4 

4,5-Br, 

6.93 x 10 4 

— 

4-SMe 

- 

0.25' 


“Data from (72JOC26I5). 

‘From solvolysis of the corresponding l-arylethyl chlorides. 
' Corrected from 45°C. 
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substituents are greater than in benzene. The enhanced deactivation by 
the CO,Et substituents parallel exactly the behavior of the NO, substitu¬ 
ent in desilylation, and the same explanation seems applicable (see Sec¬ 
tion 8.A). 

The reactivity of the 2-position of thiophenes has been determined in 
three other reactions proceeding via formation of a carbocation at the 
side-chain a-position. In the solvolysis of 1-arylethyl chlorides, /, = 
16,070, hence cr + 2 = -0.78 (p = -5.4) [75JCS(P2)55lj. In the isomeriza¬ 
tion of cz's-l-aryl-2-phenylethenes in aqueous sulfuric acid, f 2 = 350, 
hence o + , = -0.77 (p = -3.3) (68JA4633 ; 70JOC1718). For the re¬ 
arrangement of l-arylbut-2-en-l-ols,/, = 35, giving ct + , = -0.595 (p cal¬ 
culated as -2.6 at 25°C from the relative rate of the p-methoxyphenyl 
compound) (52JCSI528). 

B. Selenophene and Tellurophene 

In the pyrolysis of 1-arylethyl acetates, log/ 2 for selenophene was 0.563 
at 600 K, hence ct 2 = -0.855 (86UP1), in very good agreement with the 
value of -0.885 determined from solvolysis of the same ester for which 
f 2 was 1.09 x 10 5 (77G339). Pyrolysis of l-(2-tellurophenyl)ethyl acetate 
was affected by surface catalysis so no rate data are available. However, 
in the solvolysis, f 2 was 4.76 x I0 3 giving, cr 2 = —0.995 (72G534); this 
is the only reaction in which tellurophene is more reactive than furan. 
Unfortunately, in this work the experimental conditions were not verified 
by the usual procedure of measuring the rate of a standard compound. A 
5-methyl substituent increased solvolysis by a factor of 23 in selenophene 
and 12 in tellurophene (77G339), both values being substantially less than 
in thiophene. 


C. Furans 

The first quantitative measure of the electrophilic reactivity of both po¬ 
sitions of furan was obtained through pyrolysis of 1-arylethyl acetates, 
which gave log/, = 0.588 and log f 3 = 0.274; hence cr 2 = -0.88, and 
ctj = -0.415 [68JCS(B)1397], This showed that the reactivity order is 2- 
furan > 2-thiophene >> 3-furan > 3-thiophene, and that the difference 
in reactivity is greater at the 2- than at the 3-position. This order has since 
been confirmed in other reactions. Thus, in solvolysis of the same esters, 
f 2 = 2.1 x 10 5 and/, = 670; hence = -0.93 and <r + 3 = -0.50 [cf. 
thiophene above (69JA7381)]. In this reaction, a 5-methyl substituent 
activated the 2-position 164-fold; this is the highest activation among the 
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five-membered heterocycles studied. From rates of solvolysis of l-(2- 
furanyOethyl p-nitrobenzoates at 25 and 45°C, and of the correspond¬ 
ing 3-furanyl ester at 75°C (72JOC2620, 72JOC2623), the value of Uk, 
can be deduced as 315 at 75°C, which is equivalent to 830 at 25°C. Since 
at 25°C k 2 = 1.17 x 10" 5 sec" 1 (cf. 4.1 x 10 " sec 1 for l-phenylethyl 
p-nitrobenzoate), this gives/, = 2.85 x 10 5 and f } = 378; hence o-? = 
-0.94, and = -0.445. 

The effects of 4- and 5-substituents on rates of solvolysis at the furan 
2-position have been measured (Table 6.11) (69JOC1008; 72JOC2623), 
and in addition a 5-ethyl substituent activates the 3-position 8.9-fold at 
75°C (equivalent to 12.8-fold at 25°C). These data give a much poorer 
correlation with a* values than do the corresponding thiophene data, and 
it should be noted that although the methyl group activates more than in 
thiophene, all the other substituents (including the bromo substituents for 
which coplanarity factors do not apply) deactivate less than in thio¬ 
phenes. The claim (72TL3893) that the p factor is greater in the furan 
series has, therefore, no foundation. In the solvolysis of the correspond¬ 
ing 2-aryl-2-propyl p-nitrobenzoates at 25°C, the 5-methyl substituent ac¬ 
tivated the 2-position sixfold (72JOC2620), but this seems anomalously 
low, despite the higher reactivity of these esters. 

Finally, in the rearrangement of l-arylbut-2-en-l-ols,/ 2 was 90 leading 
to cr 2 = -0.75, which is substantially lower than in other reactions, as 
was also the case for thiophene (52JCS4I58). 

D. Pyrroles 

From solvolysis of l-[2-(l-methylpyrrolyl)]ethyl acetates,/, was esti¬ 
mated as 5.76 x 10'°. There is uncertainty in this value due to the need 
to measure the solvolysis rate in 100% ethanol and to extrapolate to 30% 
ethanol (69JA738I), but this result gives oT = - 1.89, which seems of 
the correct magnitude. 

The activation by a 5-methyl group on the 2-position was calculated as 
170-fold (77G339) from unpublished data of Noyce et al. for solvolysis 
of 1-arylethyl p-nitrobenzoates. This indicates a sensitivity to substituent 
effects greater than either those of furan or thiophene, despite the far 
higher reactivity of pyrrole. 


10. Conclusions 

The experimental results described in previous sections are summa¬ 
rized here to indicate the relative behavior of five-membered heteroaro- 
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matics toward electrophilic substitution. Although the origin of the ob¬ 
served reactivity order can be readily explained, the cause of the different 
sensitivities of the ring systems to substituent effects remains in part ob¬ 
scure. A brief discussion directed toward clarifying these sensitivity dif¬ 
ferences is presented here. 

A. Aromaticity and Relative Reactivity 

When considering the reactivity of the “ir-excessive” five-membered 
heterocycles, it is important to distinguish between ground-state and tran¬ 
sition-state properties. The ground state stabilities of these compounds 
will be directly related to their aromaticity, and there is general agreement 
from a variety of techniques that the order is benzene > thiophene > 
pyrrole > selenophene > tellurophene > furan, with pyrrole nearer to 
furan than to thiophene [60MI2; 61JSP58; 62JSP124; 65CC160; 66MI3; 
70AHC(12)1; 74AHC(17)255, 74JCS(P2)332; 76T1767], However, al¬ 
though this aromaticity order correctly predicts all these heterocycles to 
be more reactive than benzene, the order within the heterocyclic se¬ 
quence must be modified to take account of a more important factor, the 
polarizability of the heteroatom. A nitrogen atom with a lone pair is much 
the most polarizable of all these heteroatoms, and this accounts for the 
very high reactivity of aniline and its derivatives toward electrophilic sub¬ 
stitution. Strong electron release from the nitrogen into the ring thus ex¬ 
plains why pyrrole is the most reactive compound (though in reactions of 
very low demand for resonance, it is conceivable that it could be less 
reactive than furan, selenophene, or tellurophene). 

Among the Group 6A elements, there is evidence from the difference 
(cr + p - (t p ) that sulfur is more polarizable than oxygen [69JCS(B)21; 
71JCS(B)1450], indicating that the difference in electronegativity is here 
more important than the size of the heteroatom and carbon p orbitals. 
Hence, the polarizability order could be Te > Se > S > O. At present 
there is insufficient evidence to confirm this tentative proposal (and in¬ 
deed in Group 7 the polarizability order is F > Cl > Br > I so that for 
the halogens, the size factor appears to be the more important). Neverthe¬ 
less, with this polarizability order it is possible to construct a plot (Fig. 
6.1) of reactivity versus electron demand (proportional to the reaction p 
factor), which provides some of the observed reactivity orders; in this 
plot the slopes of the lines are proportional to the heteroatom polarizabili¬ 
ties. Thus, under appropriate conditions, tellurophene (and even seleno¬ 
phene) may become more reactive than furan. 

The existence of these differential polarizabilities means (as indeed it 
does in benzenoid compounds) that a single cr + parameter will not accu- 
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Fig. 6.1. Plots of reactivity versus electron demand for a series of five-membered hetero¬ 
cycles with one heteroatom (indicated on the plots). 


rately describe the quantitative reactivities of the heterocycles under all 
conditions, but rather that more negative values will be required under 
conditions of higher electron demand [increased demand for the reso¬ 
nance donor polarization +M (or polarizability + E) effect], and, indeed, 
precisely this is observed. 

The existence of polarizability thus renders impossible any unique 
scale of electrophilic reactivity. The two most common theoretical mea¬ 
sures, namely ir-electron densities and localization energies, correspond 
to transition states approximating the ground state and the Wheland inter¬ 
mediate, respectively, whereas the transition state (the precise structure 
of which is unknown), lies somewhere in between, tt Densities, which 
relate to a situation where inductive effects are dominant, will tend to 
predict a relatively low 2-: 3-rate ratio since all of the heteroatoms are 
inductive acceptors (-/). By contrast, since tt electrons are delocalized 
from the heteroatoms more to the 2- than to the 3-position, localization 
energies will predict a high 2-: 3-rate ratio. The importance of these fac¬ 
tors becomes particularly evident in consideration of the substitution of 
benzo derivatives of these molecules (Chapter 8). 

Additional problems in theoretical calculations are (1) selection of the 
coulomb and resonance integral parameters; (2) whether an auxiliary in¬ 
ductive parameter be used for the a-carbons; (3) whether d orbitals, etc., 
be taken into account for S, Se, and Te; and (4) what type of calculations 
to use. 

The coulomb integral a x is a measure of the heteroatom electronegativ- 
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ity, so too high a value reduces the reactivity of the 2-position. Values of 
ot x /ot c are usually chosen as —2.5, 1.5, and 1.0 for O, NH, and S, respec¬ 
tively, with corresponding values of (3 cx /(3 C c of 0.7, 1.0, and 0.6 
[68JCS(B)1397; 71AJC2679], In general, the calculations seem less suc¬ 
cessful as electronegativity of the heteroatom increases. 

77 Densities are less successful than localization energies for predicting 
observed reactivities and can give, for example, either 2 > 3 or 3 > 2 
positional reactivity orders for thiophene [86HC(44,2)1] and pyrrole 
(67M254). Localization energies can give reasonable results for a given 
molecule [e.g., the greater reactivity difference in the 2- and 3- positional 
reactivities in furan compared to thiophene and pyrrole [68JCS(B)1397; 
71AJC2679]], but they are less good at predicting relative reactivities 
from one molecule to another where different heteroatoms are involved, 
[e.g., the order for 2-substitution is predicted to be Te > Se > S > O 
[73JCS(P2)2097]]. On the other hand, where a single heteroatom is in¬ 
volved (e.g., S,) then calculations, particularly Hiickel calculations, are 
very good though here it is probable that the similarities in the electroneg¬ 
ativities of carbon and sulfur are primarily responsible [82JCS(P2)295, 
82JCS(P2)301; 83JCS(P2)8I3]. 

The valence bond method of predicting positional reactivities should 
also be considered. The method is incapable of predicting differences in 
reactivity between molecules containing different heteroatoms, but is 
very good at predicting reactivities within a given heterocycle. Thus for 
a- and (3-substitution, the canonical forms are as shown in Scheme 6.2. 
For a-substitution there are three canonical forms, whereas for (3-substi¬ 
tution there are only two. The charge from the electrophile is therefore 



Scheme 6.2. Canonicals for a- and 3-substitution of five-membered heterocycles. 
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better delocalized in the transition state for a-substitution, which is there¬ 
fore favored. The valence bond method is also very satisfactory for pre¬ 
dicting reactivities of benzo derivatives of five-membered heterocycles 
and this is considered in Chapter 8. 


B. Summary of Relative Rates 

The previously described reactivity data for the five-membered hetero¬ 
cycles are gathered (in terms of ct + values) in Table 6.12; no data are 
given for nitration because the rates are encounter controlled and mean¬ 
ingless in terms of electronic effects. Among the other data, those for 
mercuriation, protiodemercuriation, and protiodeboronation are doubt¬ 
ful, and other qualifying aspects are noted in the table footnotes. The 
following main features are noteworthy. 

(1) The order of reactivities of the 2-positions appear to be pyrrole > 
furan > tellurophene > selenophene > thiophene. The order for furan 
and tellurophene was also obtained in trifluoroacetylation (for which no 
cr + values are obtainable). However, in solvolysis of 1-arylethyl acetates, 
tellurophene is more reactive than furan. 

(2) In all four reactions in which the reactivities of both positions in 
furan and thiophene have been determined under the same conditions 
(pyrolysis of 1-arylethyl acetates, solvolysis of 1-arylethyl acetates, proti- 
odesilylation, and protiodeboronation), the reactivity order is the same: 
2-furan > 2-thiophene > 3-furan > 3-thiophene. In two other reactions, 
the order 3-thiophene > 3-furan appears to be obtained. However, in the 
solvolysis of 1-arylethyl p-nitrobenzoates, these esters were measured 
neither relative to each other nor to a standard compound (nor by the 
same worker), and the conclusion is almost certainly in error. Likewise 
in acetylation, the low reactivity of the 3-position of furan (which also 
shows up in the 2-isomer) is attributable to coordination with the Lewis 
acid catalyst. 

(3) The accurate data for Table 6.12 correspond to the region to the 
right of the dotted line in Fig. 6.1. But other reactivity orders are theoreti¬ 
cally possible, and may in due course be observed. 

The magnitude of the o + values varies for a number of reasons. 

(1) Between the reactions, there are differential demands for reso¬ 
nance. This may, in particular, account for the low values in reaction 2, 
which should have the lowest demand for resonance. [The p factor for 
reaction 1 is smaller, but refers to a high temperature and is equivalent to 



TABLE 6.12 


Reactivity Parameters (-<r‘) for Five-Membered Heterocycles 




Pyrrole 

Fura 


Thiophene 

Selenophene 

Tellurophene 

Reaction 

P 

2 

3 

2 

3 

2 

3 

2 

3 

2 

1. Pyrolysis of l-arylethyl 

acetates 

-0.66 

— 

— 

0.88 

0.415 

0.795 

0.38 

0.855 

— 

— 

2. Rearrangement of 1- 

aryl-but-2-enols 

-2.6 

— 

— 

0.75 

— 

0.595 

— 

— 

— 

— 

3. Isomerization of cis-1- 

aryl-2-phenylethenes 

-3.3 

— 

— 

— 

— 

0.77 

— 

— 

— 

— 

4. Protiodemercuriation 

-2.87 

— 

— 

(1.255)" 

(0.76)" 

(1.125)" 

— 

— 

— 

— 

5. Mercuriation 

-4.0 

— 

— 


— 

(1.565)" 

— 

— 

— 

— 

6. Protiodesilylation 

-4.6 

— 

— 

0.905 

0.45 

0.785 

0.43 

— 

— 

— 

7. lododeboronation 

-4.8 

— 

— 


— 

0.83 

0.59 

— 

— 

— 

8. Protiodeboronation 

-5.0 

— 

— 

(1.19)" 

(0.77)" 

(1-16)“ 

(0.755)" 

— 

— 

— 

9. Solvolysis of 1- 

arylethyl chlorides 

-5.4 

— 

— 

— 

— 

0.78 

— 

— 

— 

— 

10. Solvolysis of 1- 

arylethyl acetates 

-5.7 

1.89* 

— 

0.93 

0.50 

0.83 

0.47 

0.885 

— 


II. Solvolysis of l-aryl- 

ethyl p-nitrobenzoates 

-5.8 

— 

— 

0.94 

0.445 

0.815 

0.46 

— 

— 

— 

12. Positive bromination 

-6.2 

— 

— 

— 

— 

0.85 

o.5 r 

0.955 

— 

— 

13. Hydrogen exchange. 

aq. H.SO, 

-7.7 

— 

— 

— 

— 

0.873 

0.488 

— 

— 

— 

TFA 

-8.75 

— 

— 

— 

— 

0.913" 

0.560 J 

— 

— 

— 

MeOH-H,S0 4 

-8.4 

1.70 

1.71 

— 

— 



0.95 

<0.53 

— 

14. Acetylation 

-9.2 

— 

— 

0.82 

0.405 

0.71 

0.45 

-0.74' 

— 

-0.795" 

15. Molecular chlorination 

-10.0 

— 

— 

— 

— 

0.76 

0.56" 

0.84 

— 

— 

16. Molecular bromination 

-12.0 

1.54^ 

- 

0.9&' 

- 

0.81 

0.58" 

0.94 

~ 

~ 


"See text. Sections 8.A, 8.C. 

‘For l-methylpyrrole, 

‘ These values are inaccurate and could be ~0.l <r units smaller, but not larger. 

‘'These are the only values for solution reactions, which are corrected for hydrogen bonding. 
r 2-:3-Rate ratio not determined. 

1 From the ethoxycarbonyl derivatives, and therefore only approximate values. 
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- 1.3 at 25°C; further, the demand for resonance in the reaction is exalted 
relative to the p factor, because of the absence of solvent (63T937).] 

(2) Errors may be introduced by use of overlap techniques; only the 
data for reaction 1 are entirely free of this approximation. 

(3) Reactions carried out in media that are good proton donors will be 
affected by hydrogen bonding; only the solution data for hydrogen ex¬ 
change are corrected for this. Hydrogen bonding will reduce the reactiv¬ 
ity of the heterocycle and this is clearly shown by the hydrogen exchange 
(TFA) values for thiophene (which are corrected for hydrogen bonding) 
being higher than in any other solution reactions. 

Nevertheless, it is approximately true that in reactions of average de¬ 
mand for resonance, os(furan) - nt(thiophene) is 0 . 1 , cr^ - Oj(furan) 
is 0.45, and at - 0-3 (thiophene) is 0.40. Reasonably consistent values of 
crt for furan, thiophene, selenophene, and tellurophene are -0.91, 
-0.81, -0.88, and -0.90, respectively; the “best” cr, values for furan 
and thiophene are -0.45, and -0.43, respectively. No data are available 
for the relative reactivities of the 3-positions of selenophene or telluro¬ 
phene. The 3-position of pyrrole is slightly more reactive than the 2-posi- 
tion in hydrogen exchange, but the reactivities are so close that under 
different demands for resonance, the reactivity order can be inverted. 

A further point seems relevant here. In Vilsmeier-Haack formylation, 
the activation parameters (Table 6.13) were determined for furan, thio¬ 
phene, selenophene, and tellurophene [73JCS(P2)2097]. A good linear 
correlation was obtained between the activation enthalpies and the reso¬ 
nance energies of the four rings, indicating that the differences in ground- 
state energy play a fundamental role in determining the relative reactivi¬ 
ties at the a-position. (This result may, however, be merely fortuitous 
because it would predict pyrrole to be intermediate in reactivity between 
thiophene and selenophene.) The constant activation entropies (within 
experimental error) suggest that the transition states in each case lie in a 


TABLE 6.13 

Activation Parameters for Vilsmeier-Haack Formylation in CHCI, 




Heterocycle 


Parameter 

Furan 

Thiophene 

Selenophene 

Tellurophene 

Heat of activation 
(A//t, kcal moL 1 ) 

14.7 ± 1.1 

17.1 ± 0.8 

16.5 ± 0.7 

15.5 ± 1.2 

Entropy of activation 
(ASt, cal mol 1 K. ') 

-27.7 ± 1.8 

-29.5 ± 1.1 

-28.8 ± 1.0 

-27.5 ± 2.1 
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similar position along the reaction coordinate. Moreover, the high nega¬ 
tive entropes of activation are consistent with a high degree of formation 
of a new bond (i.e., the transition states resemble the o-complex). This 
is consistent with the high p factor for formylation, estimated as >— 10. 

C. Sensitivity of the Five-Membered Heterocycles to 
Substituent Effects 

For electrophilic substitutions, the Hammett p factor is generally re¬ 
garded as a measure of the reactivity of the electrophile (and conse¬ 
quently of the position of the transition state along the reaction coordi¬ 
nate) [65MIK298)]. Compare (say) the p factor for substituted benzenes 
with that for substituted methylbenzenes. Since the ring system transmit¬ 
ting the effects is the same in each case, it is reasonable to interpret the 
observation of a smaller p factor for the more reactive compounds in 
terms of differing reactivities of the aromatic substrates (benzene and 
methylbenzene), and this is a manifestation of the reactivity-selectivity 
principle first described by Norman and Taylor [65MI 1(298)]. For the 
five-membered heterocycles, however, such a conclusion may not neces¬ 
sarily be justified because, in addition to the differing reactivities of the 
parent heterocycle, there will also be differing degrees of conjugation 
within the molecules that will affect their ability to transmit substituent 
effects of which the p factor is also a measure. It may then turn out (see 
below) that the most reactive system does not necessarily produce the 
smallest p factor. This should not be regarded as a breakdown of the reac¬ 
tivity-selectivity principle, because the latter is meant to relate to aromat¬ 
ics with like it systems, though it has sometimes incorrectly been rigor¬ 
ously applied elsewhere. 

In considering the results obtained to date, some general points need 
to be considered. 

(1) The substituent effects show that conjugative effects are transmit¬ 
ted strongly, and since they will be poorly transmitted by the heteroatom 
flanked by substantially single bonds, the carbon chain is principally in¬ 
volved and the extent of conjugation in this will be particularly important. 
It seems reasonable to assume that the greater the degree of bond fixation 
in the heterocycle, then the more difficult it will be to place a double bond 
across the 3,4-positions, as required for conjugation between the 2- and 
5-positions. On this basis, the ease of transmission ought to parallel the 
order of aromaticity (i.e., benzene > thiophene > pyrrole > selenophene 
> tellurophene > furan). In the majority of reactions (though not in proti- 
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odesilylation, one of the best documented), thiophene is less effective at 
transmitting substituent effects than is benzene. 

(2) Any direct field component of substituent effects will be better 
transmitted in the heterocycles than in benzene, because even in thio¬ 
phene the C-2—C-3, C-2—C-4 , and C-2—C-5 distances will be shorter than 
their counterparts in benzene; on this basis furan and pyrrole should be 
the best transmitters among the heterocycles. Such effects should be less 
significant in side-chain reactions where the charge to be stabilized is one 
atom further away. 

(3) Resonance donor ( + M) and acceptor ( -M) substituents may pro¬ 
duce substantially larger effects than they do in benzene because they are 
able to become more coplanar with the heteroaromatic ring. A proper 
analysis requires a range of substituent types to detect such anomalies. 
These need, in turn, to be considered carefully because hydrogen bonding 
may reduce the reactivities of more reactive compounds relative to less 
reactive ones, so producing attenuated p values. 

(4) The ability of side chains to become coplanar with the heteroaro¬ 
matic ring will be greater than in benzene, so that for reactions involving 
side-chain carbocations, the heterocycle may appear to be a better trans¬ 
mitter than benzene. 

It is thus probably impossible at present to interpret unambiguously the 
magnitude of p, and this difficulty is compounded by the paucity of data. 
Some p factors for electrophilic substitutions of benzene and thiophene 
are gathered in Table 6.14; only the acetylation, detritiation, and protio- 


TABLE 6.14 

Hammett p Factors for Electrophilic 
Substitution of Substituted Benzenes and 
Thiophenes 


Reaction 

Benzenes 

Thiophenes 

Bromination 

- 12.1 

- 10.0 

Chlorination 

10.0 

— 7.0 

Acetylation 

9.1 

-5.6 

Detritiation 

-8.8 

-6.5 

Protiodesilylation 

-5.3 

-6.25 

Mercuriation" 

-4.0 

— — 4.7 


“The p factor of -5.7 claimed for mercuriation of substi¬ 
tuted selenophenes was based on a few results for electron- 
withdrawing substituents and did not include selenophene it¬ 
self (66CHE686). 
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desilylation factors for thiophene are accurate. For the other reactions of 
thiophene the factors are based mainly on data for a few electron-with¬ 
drawing substituents, largely of the resonance acceptor ( -M ) type. If 
these are excluded, the p factors for halogenation of thiophene would be 
much smaller than in benzene, whereas that for mercuriation (based sim¬ 
ply on the value for the 2-bromo compound) would be the same. 

The general trend seems to be for thiophene to give smaller p factors, 
consistent either with it being more reactive, or that it transmits substitu¬ 
ent effects less readily. However, the relative values of the (well-docu¬ 
mented) p factors for desilylation are puzzling and confirms that a single 
overall explanation will not suffice. It is probably relevant that in this 
reaction the demand for resonance stabilization of the transition state is 
substantially lower. 

In an attempt to shed further light on the overall problem, Clementi 
and Marino have collated the effects of a 5-methyl substituent upon the 
reactivity of the 2-positions of the heterocycles in a number of reactions 
(described in the previous sections) [77CS(11)87], and these are gathered 
in Table 6.15. (In the original publication the values were presented in 
terms of approximate p factors, calculated from log k Kl . /o-p. Me ; note that 
in this paper there are errors in the column headings, footnotes, and p 
factors, which account for discrepancies from Table 6.15.) 

Consideration of the results for electrophilic substitution relies heavily 
upon the (uncertain) p factor for trifluoroacetylation. Clementi and Ma- 


TABLE 6.15 

Activating Effect of a 5-Methyl Substituent at the 2-Position in Electrophilic 
Substitutions and Side-Chain Solvolysis 


Aromatic 

Trifluoro 

acetylation" 

Formylation'’ 

Solvolysis 

of 

1-ary lethyl 
acetates 

Solvolysis 

of 

1-aryiethyl 

p-nitrobenzoates 

Furan 

1700 

880 

164 

214 

Thiophene 

380 

1% 

74 

81 

Selenophene 

280 

300 

23 

— 

Tellurophene 

500 

620 

12 

— 

Pyrrole 

24 

15 

— 

170 

(Benzene)' 

>30,000“' 

>5000 

—59 

-64 


"In 1,2-dichloroethane at 75°C. 

'’Vilsmeier-Haack formylation in CHCI, at 30°C. 

"Effect of a para-substituent in benzene. 

‘'Not measured, but calculated from the p value itself determined by comparison of the relative rates 
of the heterocycles with their a* values; the error in the substituent effect may be 100%. 
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rino gave the value as - 10.2, based upon a plot of a + for the heterocycles 
against the log k rcl values. This p factor depends largely on the accuracy 
of the ct + value for pyrrole (which Table 6.12 shows to vary widely) and 
the accuracy of log k rci for pyrrole, which in this reaction is I0 6 times 
more reactive than the other heterocycles. The importance of this is seen 
in the fact that if only the ct + values for the other heterocycles are used, 
p becomes - 15.0 (or -19.9 if the ct + values quoted in this review are 
employed). A value in the latter region is more likely to be correct be¬ 
cause (1) use of the same technique with the acetylation data predicts p 
to be - 10, which is very close to the accepted value of -9.2; and (2) the 
spread of rates among the five-membered heterocycles is much greater in 
trifluoroacetylation than in acetylation, so the p factor must be consider¬ 
ably higher than the value of -9.2 for acetylation. Thus the order of 
transmission of substituent effects is benzene > furan > tellurophene > 
thiophene > selenophene » pyrrole, being slightly different to formyl- 
ation in that the positions of thiophene and selenophene are reversed. The 
results confirm that more than one factor is at work because if the small 
substituent effect in pyrrole reflected solely its high reactivity, then the 
next smallest effect should be observed in furan, the opposite being the 
case. 

The question of whether more reactive compounds should give smaller 
p factors by virtue of their greater reactivity is relevant to the seeming 
incompatibility of the Hammond postulate (more reactive compounds 
have transition states more like the ground state and less reactive ones 
more like the products) and the Hammett equation. This implies that a 
set of cr + values derived from any one reaction should give a curve when 
plotted against the log k rcl values for any other, if the transition states 
for the reactions differ widely. Such curvature may be obscured by the 
need to use overlap techniques for reactions of high p factor, by the varia¬ 
tion in resonance between reactions, or because the above reasoning is 
flawed (90MI1). The variation in transition-state structure for reaction of 
a given group of substituted benzenes (say) with a range of electrophiles 
is represented in Fig. 6.2 [74MIK219)], in which left to right represents 
reaction with electrophiles of decreasing reactivity and increasing selec¬ 
tivity. (The Hammond postulate requires that the lines shown as straight 
might need to be slightly curved relative to each other). Likewise, for 
reactions of a given set of derivatives of a range of substrates of differing 
reactivities (e.g., pyrrole, furans, benzenes) with a given electrophile, the 
corresponding variations in transition state structure are given by Fig. 
6.3, in which left to right represents aromatics of decreasing reactivity. 
Figure 6.3 has been represented elsewhere with the slope of the lines in¬ 
creasing with later transition states [77CS(11)87], Whether or not this is 
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Fig. 6.2. Variation in transition-state structure with electrophile reactivity in reactions 
of substituted benzenes. A, Activated benzene (e.g., anisole); B. deactivated benzene (e.g., 
nitrobenzene). 


more appropriate (to Fig. 6.3 and also to Fig. 6.2) depends upon whether 
the spread of transition-state structures is greater for a reaction with a 
higher p factor, or not; at present this cannot be properly decided. 

For reactions involving side-chain carbocations, the order of transmis¬ 
sion of substituent effects is quite different to the electrophilic substitu¬ 
tions, being furan > pyrrole > thiophene > benzene > tellurophene. 



Reaction coordinate 


Fig. 6.3. Variation in transition-state structure with aromatic reactivity in reaction of 
given electrophile. A, Pyrroles; B, furans; C, benzenes. 
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Here again, one can devise reasons which appear to explain the results, 
but they may not necessarily be the correct ones. For example, calcula¬ 
tion of the difference in charge at a given site between the ground-state 
molecule and ArCH 7 indicates that substituent effects should be larger 
in furan than in thiophene (72TL3889), but corresponding calculations are 
not available for all of the molecules. However, it may also be relevant 
that the observed sequence is close to if not exactly that in which a 
—CMe7 side chain can achieve coplanarity with the aromatic ring; the 
steric hindrance to the sp 2 carbon becoming coplanar with the aromatic 
ring will be smaller for a five-membered ring than for that of benzene, but 
will increase within the series as the size of the heteroatom becomes 
larger. A straightforward test of this possibility would be to compare the 
rate of the 5-methyl and unsubstituted compounds, in solvolysis of the 2- 
(2-aryl)-2-propyl acetates. If there is a regular departure from a linear 
free-energy correlation between these data and those for 1-arylethyl ace¬ 
tates in Table 6.15, with increasing size of the heteroatom, it would show 
that steric effects inhibit coplanarity in ArC + Me 2 and possibly therefore 
in ArCHMe + as well. 
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Chapter 7 


Azoles 


1. Introduction 


A. Compounds Considered 


The most important compounds considered to fall within the scope of 
this chapter are listed in the following subsections a-g, but reactivity data 
are as yet by no means available for all of them. 

a. Neutral Five-Membered Rings with Two Heteroatoms 



Pyrazole NH 

Isoxazole O 

Isothiazole S 

Isoselenazole Se 


Imidazole 

Oxazole 

Thiazole 

Selenazole 


b. Neutral Five-Membered Rings with Three Heteroatoms 




ipN m 

75 


7 . 6 ^ 


Z = NH Triazoles Z = S Thiadiazoles 

Z = O Oxadiazoles Z = Se Selenadiazoles 


c. Neutral Five-Membered Rings with Four Heteroatoms 




n 

7.8 


Z = NH Tetrazoles Z = S Thiatriazoles 

Z = O Oxatriazoles Z = Se Selenatriazoles 
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d. Monocationic Azoles 

Ions such as isoxazolium and pyrazolium are produced by protonation 
of a multiply bonded nitrogen in the above species, and are therefore 
present under acidic conditions. Similar cations can be formed by 
alkylation. 


e. Anionic Azoles 

These ions (7.9-7.13) are produced via proton loss from an NH group 
and are therefore found under basic conditions. 



7.9 7.10 7.11 712 7.13 


f. Azolinones and Corresponding Thiones and Imines 

There is a very large number of these. Examples of each main type are 
shown in structures 7.14-7.16. 



H H H 

7.14 7.15 7.16 


Azolinone Azolinethione Azolinimine 


g. N-Oxides 

In principle there is also a very large number of these; two examples 
are shown in structures 7.17 and 7.18. 



H 


7.17 


7.18 
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B. Reactivity Pattern 

The reactivities of these molecules show the following general features. 

(1) Neutral multiply bonded (“pyridine-like”) nitrogen atoms in the 
ring deactivate the ring as, for example, in pyridines. Such deactivation is 
much increased in corresponding positively charged compounds. Hence, 
compounds are much less reactive in reactions carried out under strongly 
acidic conditions where they exist in the protonated form. Hydrogen ex¬ 
change, nitration, and sulfonation are usually carried out under strongly 
acidic conditions, whereas halogenation and mercuriation usually are not. 
The effect of N-oxide formation is more subtle: the :N + (0~) group is 
more effective both as an electron accepter and as an electron donor than 
the (neutral) nitrogen. 

The greater the number of multiply bonded nitrogens in the ring, the 
lower is the reactivity. This occurs to such an extent that electrophilic 
substitution is unknown in azoles containing four heteroatoms. As the 
number of heteroatoms in the ring increases, it becomes less probable 
that reaction will take place upon the conjugate acid species. Not only is 
the conjugate acid too unreactive, but the lower overall electron availabil¬ 
ity on any particular nitrogen, and hence the lower basicity, will increase 
the concentration of free base species. 

Each multiple bonded pyridine-like nitrogen atom deactivates all posi¬ 
tions especially those a and -y to it. 

(2) The effect of NH, O, and S groups in the ring is in each case activat¬ 
ing, in the order NH > O > S, just as occurs in pyrrole, furan, and thio¬ 
phene. Formation of the anion from a compound containing an NH group 
(e.g., in pyrazole and imidazole) brings about a substantial increase in 
reactivity as expected. Each of these groups activates positions a. and (3 
to it, the former the more strongly. 

(3) The effect of multiply bonded nitrogen will be modified (compared 
to its effect in pyridine) by any bond fixation present in the molecule. 
Thus, the nitrogen in thiazole deactivates the 2-position much more 
strongly than the 4-position, since the mesomeric electron-withdrawing 
( -M) effect of nitrogen operates more effectively across regions of high 
-ir-bond density. 

The overall result is that compounds of type 7.19 are more reactive 
than those of type 7.20, the preferred substitution site being as indicated, 
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the positional reactivity order being 5 > 4 > 2 in 7.19 and 4 > 5 > 3 in 
7.20. In imidazole, the reactivities of the 4- and 5-positions are both ex¬ 
pected, and found, to be fairly similar. 

The above positional reactivity orders are predicted for pyrazole and 
imidazole by CNDO/2 calculations [78JCS(P2)865], 


C. Substituent Effects 

The effects of substituents at ring carbon atoms on electrophilic substi¬ 
tution rates and orientations qualitatively parallel those in benzene, but 
again they will be affected by bond fixation, which in particular will mod¬ 
ify the mesomeric (resonance) effect. Thus a substituent will generally 
produce a smaller effect across the 3,4-bond of an azole, and a bigger one 
across the 2,3-bond (in either direction), compared to benzene. This clear 
picture applies to neutral species, but is complicated in the cationic spe¬ 
cies formed by protonation. An activating substituent will increase the 
concentration of protonated species so that reaction via conjugate acid 
becomes more significant; a deactivating substituent shows the opposite 
effect. Additionally, the distinction between the two nitrogen atoms, and 
thus between the 2,3- and the 3,4-bonds, disappears in protonated pyra- 
zoles and imidazoles. 

For these reasons, directly observed relative rate coefficients do not 
necessarily give a true picture of the substituent effects, and an attenu¬ 
ated Hammett p factor may result. To obtain the true substituent effects, 
the procedure given in Section 9.B must be adopted. 


2. Acid-Catalyzed Hydrogen Exchange 

A. Mechanism 

The rate coefficients for deuteriation in aqueous D 2 S0 4 have been de¬ 
termined for a wide range of azoles and their methyl derivatives 
[71JCS(B)2365; 73JCS(P2)1675; 74JCS(P2)399]. In general, the com¬ 
pounds reacted as the free bases with a changeover to reaction on the 
conjugate acid at higher acidity for the more reactive compounds. As ex¬ 
pected, this changeover point occurred at a lower acid concentration the 
higher the temperature, since increasing temperature makes the elec¬ 
trophile more reactive and also affects the acidity function. When reac¬ 
tion took place via the conjugate acid, this was frequently confirmed by 
the deuteriation rates for the corresponding N-methyl derivative, which 
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in every case reacted at a closely similar (but slightly faster) rate. Correc¬ 
tion of the rate data to standard conditions (100°C, pD = O) gave the 
partial rate factors given in Scheme 7.1 in terms of their log values; tem¬ 
peratures of rate measurements are shown in parentheses. 


B. Reaction at the 4-Position 

The 4-positions are the most reactive, as theory requires. The order of 
reactivity at the 4-positions (1-methylpyrazole > isoxazole > isothiazole) 
exactly parallels that for the corresponding positions in 1-methylpyrrole, 
furan, and thiophene (cf. Chapter 6). The order for isoxazole and isothia¬ 
zole were stated orginally [74JCS(P2)399] to be different from that in fu¬ 
ran and thiophene, but this conclusion was based on an incorrect litera¬ 
ture analysis of the reactivity of these latter two molecules. The problem 
arises because the data for hydrogen exchange of furan in sulfuric acid 
are not corrected for the substantial protonation and for hydrogen bond¬ 
ing which occurs [72MI2(262)J. The relative reactivities given in more re¬ 
cent reviews [79AHC(25)147; 84MI13] do not therefore reflect the true 
situation. 


C. Effect of Ring Nitrogen Atom on Rate 

Comparison of the data for isothiazole and thiophene show the meta 
nitrogen to produce a rather small deactivation effect, with log £ re , =3.6 
- 5.0 (i.e., - 1.4). Since p under these conditions is -7.5, this gives tr + 
for meta nitrogen as ~0.2. This is substantially lower than in the effect 
of uncharged nitrogen at the 3-position of pyridines (cf. Chapter 9) and 
reflects a phenomenon for which there is increasing evidence that the 
transmission of electronic effects to meta sites in molecules with substan¬ 
tial bond fixation is attenuated compared to that in those without bond 
fixation (e.g., benzene). The same feature is evident in low meta partial 
rate factors in hydrogen exchange of substituted naphthalenes 
[68JCS(B)1112]; it accounts for the 4-position of isoquinoline being the 
most reactive (Chapter 11); and it is reflected in low meta-methyl substitu¬ 
ent effects in the azoles (see Section 2.D). For N-methylpyrazole versus 
N-methylpyrrole, the effect is even smaller, <r + being (9.8 - 10.3)/-7.5 
= 0.07. From these two molecules the deactivating effect of the nitrogen 
upon the 5-position may be calculated in ct + terms as (5.6 - 10.6)/-7.5 
= 0.67, again smaller than the value for the corresponding effect at the 
4-position in pyridine (cf. Chapter 9). 
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for acid-catalyzed hydrogen exchange. Reaction 
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D. Effect of Methyl Substitution on Rate 

The effects of an ortho-methyl substituent are summarized in Table 7.1. 
The majority of the results demonstrates the differences in the bond or¬ 
ders within a given molecule, which causes activation across the 4,5-bond 
to be greater than that across the 3,4-bond. Curiously the combined ef¬ 
fects of two methyl groups are not additive, nor are the discrepancies 
between observed and calculated reactivities in the same direction: di- 
methylisoxazole is less reactive than predicted (the expected result), 
whereas the other dimethylazoles and 1,2-dimethylpyrazolium are more 
reactive than predicted. There are no obvious explanations for these dis¬ 
crepancies other than the fact that large extrapolations of rate data are 
required in this work. This latter may account for the fact that activation 
by the ortho-methyl group in I-methylpyrazolium is in the opposite direc¬ 
tion expected from the bond-order difference. 

The effects of meta-methyl substituents are summarized in Table 7.2. 
Again there are significant discrepancies (deactivation being apparently 
observed in a number of cases), which probably reflect the experimental 
difficulties. A contributing factor may, however, be steric hindrance to 
solvation of the methyl derivatives, which is probably particularly import¬ 
ant in these highly reactive molecules. Overall, the meta-methyl activa¬ 
tion is insignificant, which is consistent with the weak meta-deactivating 
effects of nitrogen noted in Section 2.C. 

E. Reactivity of Cations versus Free Bases 

Cations are much less reactive than the free bases, the reactivity differ¬ 
ence being 10 7 4 between 1,3,5-trimethylpyrazolium ion and its free base, 
and 10 s 9 between 3,5-dimethylisothiazolium ion and 3,5-dimethylisothia- 


TABLE 7.1 

Logarithms of thf. Activating Effects of an Ortho-Methyl Substituent upon 
the Reactivity of the 4-Position of Azoles" 


Substituent 



Compound 



1-Methyl- 

pyrazole 

1-Methyl- 

pyrazolium 

Isoxazole 

Isothiazole 

1,2-Dimethyl- 

pyrazolium 

3-Methyl 

0.9 

1.5 

II 

1.0 

0.4 

5-Methyl 

1.6 

1.0 

2.5 

1.2 

0.4 

3.5-Dimethyl 

3.6 

2.6 

3.3 

3.2 

2.6 


"|73JCS(P2)I675: 74JCSIP2I399]. 
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TABLE 7.2 

Logarithms of the Effects of Meta-Methyl Substituents in Azoles 


Methylazole (A) 

Parent compound (B) 

Position 

log - 

log k B 

1,3-Dimethylpyrazole 

1-Methylpyrazole 

5 

0.2 

1,5-Dimethylpyrazole 

1-Methylpyrazole 

3 

-0.6 

1,3,4-Trimethylpyrazole 

1,4-Dimethylpy razole 

5 

0.7 

1,4,5-Trimethylpyrazole 

1,4-Dimethylpyrazole 

3 

0.4 

1,2-Dimethylpyrazolium ion 

1-Methylpyrazolium ion 

4 

-0.4 

1,2,3,5-Tetramethylpyrazolium ion 

1,3,5-Trimethylpyrazolium ion 

i 4 

-0.4 


zole. The differences in reactivities between like positions in the cations 
and free base are, for /V-methylpyrazole, larger at the 3,5-positions (log 
k rel > 7.6) than at the 4-position (log k rei = 6.4). 

The relative positional deuteration rates have been determined for N- 
methylimidazolium ion in D 2 S0 4 at 163°C (positions in parentheses) as 1 
(2), 73 (4), 120 (5) (74JOC2398), revised to 1 (2), 30 (5), 50 (4) 
(79JOC4240). This shows that the 4-position is the most reactive, whereas 
for the free base, the 5-position is predicted to be the most reactive. 

A particularly interesting result concerns the reactivity of imidazoles 
containing fluorine at the 4- or 2-position (Scheme 7.2) (79JOC4240). 
Because of the strong inductive electron-withdrawing (- /) effect of or- 
r/io-fluorine, the nitrogen at the 3-position is not protonated so that these 
compounds undergo reactions on the free bases. As a consequence they 
appear to be more reactive than the corresponding nonfluorinated com¬ 
pounds. The reactivity is enhanced by the electron-donor mesomeric ef¬ 
fect ( + M) of fluorine, which is particularly effective across the 4,5-bond 
with its high bond order. [In the case of 2-fluoro-4-methylimidazole the 
(+ M) effect of methyl is similarly enhanced.] In the corresponding nitro- 
or trifluoromethyl compounds, although protonation does not occur, the 
strong ( -M) deactivation results in exchange being extremely slow. The 



I 57 1.3 0.22 12.9 

Scheme 7.2. Relative rates of deuteriation of fluoroimidazoles at 50°C (79JOC4240). 
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results show methyl to activate 57-fold across the 2,5-position and only 
1.3-fold across the 1,5-bond (consistent with the very low 1,5-bond 
order). 


3. Base-Catalyzed Hydrogen Exchange 

A. Introduction 

Base-catalyzed exchange involves rate-determining removal of a pro¬ 
ton to give a carbanion intermediate, Arwhich will be strongly stabi¬ 
lized by positive centers adjacent to the reaction site. These are therefore 
particularly effective in accelerating base-catalyzed exchange while elec¬ 
tron supply reduces the reaction rate. We have described above how in 
acid-catalyzed exchange reaction may occur via the (more reactive) free 
base rather than the (more abundant) conjugate acid. As the acidity of 
the medium is increased, reaction will ultimately take place only on the 
conjugate acid as it will effectively be the only species present. A parallel 
situation exists for base-catalyzed exchange: at acidity somewhat weaker 
than corresponding to the pK a , both the free base and the conjugate acid 
will be present. The latter is now the minor, but the much more reactive, 
component, so reaction will, in many cases, preferentially take place 
upon the conjugate acid by way of ylide intermediates. In more basic 
reaction conditions, this mechanism will be superceded by one involving 
reaction upon the free base, since this will be the only species present in 
appreciable concentration. The reaction rate initially increases with in¬ 
creasing base concentration, but then levels off as this is compensated by 
a decrease in the concentration of the conjugate acid. 

All these aspects are nicely demonstrated by exchange data for azoles. 
In addition, a particular feature for compounds 7.21 and 7.22 with X = 
NH, is that the rates decrease at high basicities due to formation of unre¬ 
active anions. In six-membered rings an adjacent lone pair on a neutral 
nitrogen inhibits the free-base mechanism because of unfavorable juxta¬ 
position of the lone pairs in the a orbitals of the carbanion and nitrogen 
(78JOC3565). However, this effect is smaller in five-membered rings 
(7.23) than in six-membered rings because the angle between the adja¬ 
cent lone pairs is greater. 



7.21 7.22 7.23 
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B. Positional Reactivity Order 

For azoles with 1,3-heteroatoms ( 7 . 21 ), the -/ effect of the heteroatom 
X should activate both the 2- and the 5-positions making these more reac¬ 
tive that the 4-position. Moreover, the 2-position is adjacent to nitrogen 
so the overall reactivity order should be 2 > 5 > 4 and this has been 
observed for oxazole [69JCS(B)270] and thiazole [72JA5759; 
78CI(M)348]. For imidazole, however, there will be little difference in the 
electronegativity of X(—NH—) and =N—•, so the reactivity of the 4- and 
5-positions will be closely similar (and may in fact be largely dependent 
upon the lengths of the N—C-3 or N—C-5 bonds). Thus the reactivity 
order in 1-methylimidazole is 2 > 4 = 5, with relative rates of 
54,500: 1.6: 1. The variation in rate with basicity shows reaction here to 
involve the ylide intermediate ( 7 . 24 ) for reaction at the 2-position, and 
carbanion for the 4- and 5-positions [65C1(L)1728; 66LA(695)55; 
70JOC1141; 74JOC2398]. The related 1,3-dithiolinium cation 7.25 also un¬ 
derwent exchange (at 34°C) at the 2-position (in D 2 0-CF 3 C0 2 D in which 
OD “ is probably the effective reagent) [65AG(E)435]. Rates of exchange at 
the 2-position of imidazole and L-histidine are almost identical (73JA6139). 



7.24 7.25 7.26 


For azoles with heteroatoms in the 1,2-positions ( 7 . 22 ), reasoning simi¬ 
lar to that above predicts the reactivity order 5 > 3 > 4, and the highest 
reactivity of the 5-position has been confirmed for isothiazole (66JA4263; 
69JHC199) and pyrazole (70JOC1146). 

The 2-position in azoles with 1,3-heteroatoms should be more reactive 
than the 5-position of azoles with 1,2-heteroatoms, but for reactions of 
the free base this turns out not to be the case because of the adjacent lone 
pair effect illustrated by the relative reaction rates in Scheme 7.3. Thus 
the 2-position of thiazole is 7 times less reactive than the 5-position of 
isothiazole. The same reasoning accounts for the 3-position of isothiazole 
being less reactive than the 4-position of thiazole. The former should be 
the more reactive since the electron-withdrawing effect of nitrogen should 
be greater across the bond of higher order, and the fact that it is not more 
reactive suggests that the effect of the adjacent lone pair is more severe 
across the shorter C-3—N bond in isothiazole. For reaction of the azol- 
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Scheme 7.3. a. Relative free base deuteriation rates by NaOMe/MeOD at 31°C 
(66JAY265). b, Relative deuteriation rates by NaOMe/MeOD/DMSO) at 30.5°C 
[79JCS(P2)1145]. *232 for the 3-methylthiazolium iodide. 


ium ions, the adjacent lone-pair effect no longer applies and the order 2- 
position (1,3-azoles) > 5-position( 1,2-azoles) is observed (see below). 

Comparison of the reactivity of the 2-position of thiazole with that of 
the 3-position of isothiazole gives k 2 : k 3 rate ratio of —10 7 , which is 10- 
to 20-fold greater than that which applies in thiophenes (Chapter 6, Sec¬ 
tion 2). 

The reactivity order for the azoles with different heteroatoms (X) 
should be O > S = NH, and this has been confirmed in deuteriation of 
the azolium ion at ~33°C (Scheme 7.4) (64JA1865; 69JA1113). The rather 



Me Me Et Ph 


Scheme 7.4. Relative rates of deuteriation of azolium ions at ~33°C (64JA1865; 
69JAIII3). 
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large reactivity difference between the sulfur- and nitrogen-containing 
compounds has been attributed to additional electron withdrawal into the 
empty d orbitals of sulfur (63JA4044). 

Substitution has been shown to occur on protonated species by the 
technique subsequently employed in acid-catalyzed exchange (i.e., by 
comparison of the exchange rates of the free base with those of the cor¬ 
responding quaternary compounds). Thus, thiazole (7.27) and 3-ethylthia- 
zolinium iodide (7.28) at low pH gave closely similar exchange rates 
(66JA4263). At high pH the rate difference becomes very large because 
of the higher reactivity of the quarternary compound (7.28) compared to 
that of the free base (7.27), which cannot exist as the conjugate acid under 
these conditions. A quantitative measure of these reactivity differences is 
shown by 4,5-disubstituted oxazolium methiodide 7.29, which exchanges 
—2000 times faster than the corresponding free base [66LA(695)55; 
64TL845], A larger difference of ~10 6 in rate coefficient applies between 
the isothiazolium cation (7.30) and the isothiazole free base (66JA4263). 



Or 


K 



7.27 7.28 


7.29 7.30 


This is consistent with the reactivity-selectivity principle, which requires 
a larger reactivity difference in the less reactive isothiazole. A value of 
2900 applies between 2-N,)V-dimethylaminothiazole and its 3-methylthia- 
zolium iodide (Scheme 7.3) and this would be larger after correction for 
the effect of the N-methyl group. Kinetic studies on 1,2,4-triazole 
(74JOC2934) and 1-methyltetrazole (72JA5759) have each demonstrated 
the intermediacy of ylides in the exchange. The rate-acidity profile in 
the latter study, covering the acidity range H a = -2 to pH 7, clearly 
demonstrated that the principal exchanging species alters with reaction 
conditions. 

Data for reaction of the azolium ions show that reaction takes place a 
to NR considerally faster than p to NR, paralleling the situation in thia¬ 
zole versus isothiazole for exchange in the free bases (above), and the 
a: p-reactivity ratio in thiophene (Chapter 6, Section 2.A). This is indi¬ 
cated by the 10 5 greater reactivity of 1-methyltetrazole (7.31) at 31°C com¬ 
pared to 2-methyltetrazole (7.32) (70MI1); similar reactivity differences 
are found between the 3- and 5-position of 7.33 and 7.34 and between the 
4- and 5-positions of 7.35 and 7.36 (70MI1). These differences probably 
reflect the effect of the electronegative NR group activating the a-posi- 
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N-N 


V- v n 

Me Me 


7.31 7.32 


tion, but could not be 
(73T3469). 



Me Me 

733 7.34 


satisfactorly explained 



7 35 7 36 

CNDO/2 calculations 


C. Substituent Effects 

The effects of electron-supplying substituents attached to the ring car¬ 
bon atoms are generally small and differ little for reactions of either the 
free base or quaternary ion. (By contrast, nitrogen replacing CH in the 
ring has a very large effect.) For example, data in Scheme 7.3 show that 
ortho- and meta-methyl groups deactivate 4- and 2.3-fold, respectively; 
para-amino deactivates 10-fold; whereas ortho-phenyl activates 1.5-fold. 
Data for the thiadiazoles show that, by contrast, activation factors for the 
substitution of ring CH by N are 6800 (ortho), 34,000 (para, i.e., 2,5) and 
4500-6200 (meta); the comparatively low ortho activation again is attrib¬ 
utable to the adjacent lone-pair effect. Electron-withdrawing substituents 
(Scheme 7.3.) also produce substantial activation. Meta-methyl produces 
a fivefold deactivation in 3-methylthiazolium ion, the 3,4-dimethyl com¬ 
pound being five times less reactive (63B1298), and the combined deacti¬ 
vating effects of 3,4-dimethyl substituents is 2.8-fold in both thiazolium 
and imidazolium ions (Scheme 7.4). 

Substituent effects in the more reactive oxazole system appear to be 
smaller (Table 7.3) which is to be expected by the reactivity-selectivity 
principle. The k re , value (0.95) [69JCS(B)270] for 2-deuteriation of 1-meth- 
yl-1,2,4-triazole (7.33) was also determined. Thus, assuming that the acti¬ 
vation by the 5-nitrogen upon the 2-position is the same as in thiadiazole. 


TABLE 7.3 

Relative Rates of 2-Deuteriation of Substituted Oxazoles at 33°C" 


Substituent H 4-Me 5-Ph 5-(/>-ClC 6 H 4 ) 5-(p-MeOC t H 4 ) 5-Me-4-Ph 
I 0.71 1.91 2.82 1.01 0.61 


"[69JCS< B)270J. 
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this makes the N—Me group 3.6 x 10 4 times less activating than O, in 
reasonable agreement with the value that may be determined from 
Scheme 7.4. Another report indicated that the effects of 4,5-di-n-propyl- 
and 4,5-diphenyl substituents on exchange at the 2-position of the oxazol- 
ium ion was negligble (64TL845). These small effects of phenyl in both 
oxazole and thiazole suggest that the 3-deuteration observed in 5-phenyl- 
1,2-dithiolium cation (7.26) in D 2 0-CF 3 C0 2 D at 74°C [66AG(E)513] re¬ 
flects the 3-position being more reactive then the 4-position, as theory 
requires. The higher exchange temperature required, compared to that 
for 7.25, suggests that the 3-position of 1,2-dithiolium cation is less reac¬ 
tive than the 2-position of 1,3-dithiolium cation, again as expected. 

Relative deuteriation rates at 31°C of thiazolium and isothiazolium cat¬ 
ions and their derivatives (Scheme 7.5) (66JA4263) show that the reactiv¬ 
ity of the 2-position of the former (here unaffected by the adjacent lone- 
pair effect) is now much more reactive than the 5-position of the latter 
(cf. Scheme 7.3 for the free bases). Likewise (Scheme 7.4), the 2-position 
of imidazolium ion is ~10 5 -10 7 times more reactive than the 5-position 
of pyrazolium ion. The data in Scheme 7.5 also demonstrate a 2.5-fold 
deactivation by ortho-methyl and a 10-fold activation by ortho-phenyl. 
However, the effects of replacing ring —CH= by —N= are much 
smaller than those given in Scheme 7.3, the activation factors being 2000 
(ortho), 3000 to >40 (meta), and 5000 (para, or 2,5). By contrast, the re¬ 
sults given in Scheme 7.4 suggest a meta activation factor of 5 x 10 4 , and 
10 4 for the para interaction. That these factors should be larger than in 
the more reactive sulfur analogues is not unexpected, as a consequence 
of the reactivity-selectivity effect. However, the anomalous meta versus 
para activation order may reflect uncertainties in the kinetic data. 

Many substituent effects have been determined in imidazole. Rate coef¬ 
ficients were measured for deuteriation at 50°C of imidazolium ion and 
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Scheme 7.5. Relative deuteriation 


31°C (66JA4263). 
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the 1-, 2-, and 4-methyl-, and 1,2-, 1,4-, and 1,5-dimethyl derivatives. In 
the parent compound, exchange at the 2-position is 10' times faster than 
at the 4- and 5-positions (78JOC3565). Exchange at the 5-position by the 
free base mechanism was —10-fold slower than exchange at the 
2-position via the ylide mechanism for the conjugate acid. Methyl substit¬ 
uents produced small and rather random effects; activation of the 5-posi- 
tion by 4-methyl (free base mechanism) and by 1-methyl (ylide mecha¬ 
nism) is particularly difficult to explain. Substantial activity effects are 
produced by nitro and fluoro substituents (the former being the more ef¬ 
fective) for both the free base and quaternary ion mechanism as shown 
in Scheme 7.6 (relative rates in parentheses) (78JOC3570). The two sets 
of data are not directly comparable since they relate to a different “stan¬ 
dard” rates, but in general they demonstrate the adjacent lone-pair effect 
(i.e., positions adjacent to ring nitrogen are substantially more reactive in 
reactions of the quaternary ion than in reactions of the free base). Some 
features are, however, difficult to explain (e.g., the greater activation of 
the 2-position by a 5-fluoro compared to a 4-fluoro substituent). Unlike 
the case of the corresponding nitro compounds (where the same pattern 
is observed), no electron-withdrawing (-A/) effect can operate between 
a 5-fluorine and the 2-position. 

Finally, for 5-exchange of 1-aryltetrazoles, electron-supplying substitu¬ 
ents in the aryl ring decreased, and electron-withdrawing substituents in 
the aryl ring increased the reaction rate, as expected. The p factor at 30°C 
is 1.4 for reaction of the 4-ethyltetrazolium ion via the ylide mechanism 
(in 9 M CFjCCXD) and 1.3 for reaction of the free base (in piperidine- 
MeOD-DMF) (69TL3377). 
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Scheme 7.6. Relative rates of base-catalyzed deuteriation of imidazoles (and imidazol- 
ium ions) at 50°C (78JOC3570). 
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4. Nitration 

Much of the work on nitration of azoles has concerned the phenyl de¬ 
rivatives. These substitute in the phenyl ring at positions that depend on 
the reaction conditions and the relationship of the phenyl ring to the het¬ 
eroatoms. Preferential nitration in the phenyl ring does not necessarily 
mean that the azole is intrinsically less reactive than benzene, because 
the phenyl ring may be strongly activated by one of the heteroatoms 
whereas the azole is relatively weakly activated by the phenyl group. The 
combination of bond-order effects and relationship to the heteroatom 
means that the preferred sites of substitution are as shown by arrows in 
structures 7.37-7.42. The effect of protonation is discussed later. 



7.37 7.38 7.39 7.40 741 7.42 


A. Oxazoles, Thiazoles, Selenazoles, and 
Imidazoles 


a. Oxazoles 

Oxazole itself has not been nitrated. For the reasons given above, the 
nitration positions for phenyl derivatives are 2-methyl-4,5-diphenyloxa- 
zole [phenyl rings, para in each (63JCS1363)], 2-phenyloxazole [phenyl 
ring, meta, para (42JA2444; 85CS(25)295)], and a mixture of meta and 
para nitration in the phenyl ring in 4-chloromethyl-2-phenyloxazole 
[72AP(305)509]. If there is an electron-supplying group at the 2-position, 
4-phenyloxazoles are nitrated in the 5-position of the oxazole ring (97% 
for 2-NMe 2 , 91% for 2-Me) (55CA296e; 59CB1944); 5-Bromo- or 5-io- 
dooxazoles with alkyl or aryl groups at the 2- or 4-position will nitrodeha- 
logenate (the iodo compounds are the more reactive), since the 5-position 
is the most activated site (8IJHC885). With AMiitropicolinium tetrafluo- 
roborate, 2-phenyloxazole is nitrated seven times faster than 2-phenyl- 
thiazole [85CS(25)295]. 
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b. Thiazoles 

Except for the benzyl derivative (which is nitrated para in the phenyl 
ring), thiazoles with electron-supplying substituents at the 2-position are 
nitrated at the 5-position [42JPJ105; 45PIA(A)343; 50HCA306; 52MI1; 
67CR(C)(264)1652)]. By contrast, the mesomeric electron-withdrawing 
( -M) effect of the 2-nitro substituent directs nitration into the 4-position 
(80%) of 2-nitrothiazoIe (62JOC2282). The result for 2-benzylthiazole indi¬ 
cates that the thiazole ring is here less reactive than the benzene ring; 
protonation of the thiazole ring causes this. 4-Alkyl groups direct nitra¬ 
tion into the 5-position of the thiazole ring {39JPJ462; 40JPJ433; 
47HCA2110; 52MI1; 53PI(A)758; 70BSF3155], and 5-alkyl groups into the 
4-position (52MI1; 53PI(A)758; 70BSF3I55), but 2-amino-4-phenylthia- 
zole gives a mixture of para- and 5-nitro derivatives (59JOC187). Nitra¬ 
tion in 2-, 4-, and 5-phenylthiazoles occurs para in the phenyl ring (Table 
7.4) (71BSF4310), which indicates that there is no strong electron with¬ 
drawal from any of the heterocyclic ring positions (cf. isothiazole, below). 
It is probable that some 5-substitution accompanies nitration of the 2- 
phenyl isomer. 4,5-Diphenylthiazole is also nitrated at the para positions 
of each phenyl ring (39JPJ462). 

The greater reactivity of thiophene compared to thiazole has been dem¬ 
onstrated by the positions of nitration in 7.43 and 7.44 (74BSF2099). 



t 


7.43 744 

Nitration rates relative to a single position of benzene (= 1) for alkylthi- 
azole and -isothiazole derivatives are shown in Scheme 7.7. Thiophene is 
2.83 x 10 s times more reactive than 4-methylthiazole [68CR(C)(266)714; 
69JHC575; 72BSF162], Since the activating effect of an ortho-methyl 
group across a 4,5-bond may be estimated as —60-fold (i.e., 50% greater 
than in benzene), this indicates that the 2-position of thiophene is 1.7 x 
10 6 times more reactive than the 5-position of thiazole. Taking p for nitra¬ 
tion as -6.2 (58JA4979), this gives a a m t N value of — 1.0. The magnitude 
of this value is consistent with it corresponding to an m-NH + group (cf. 
Chapter 9), which is an indication that nitration takes place on the proton- 
ated species. 
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TABLE 7.4 

Isomer Distribution Obtained on Nitration in the 
Phenyl Ring of Phenylthiazoles and 
Phenylisothiazoles" 



Isomer ratic 

»<%) 

Ortho 

Meta 

Para 

2-Phenylthiazole 

3 

8 

89 

4-Phenylthiazole 

7 

4 

89 

5-Phenylthiazole 

15 

2 

83 

3-Phenylisothiazole 

25 

65 

10 

4-Phenylisothiazole 

25 (15)* 

3 

72 (81)* 

S-Phenylisothiazole 

20 

19 

61 


"[71BSF43I0; 85CS<25)295). 

‘Values in parentheses from 69JHC841. 


Nitration of conjugate acid species is confirmed by rate versus acidity 
profiles for alkylthiazoles, alkylthiazolium ions, and 2-thiazolones, the 
standard log rates being given in Scheme 7.8 [75JCS(P2)I614]. The results 
are mainly consistent with those given in Scheme 7.7 and show that OMe 
activates more strongly than Me as expected, and show the effects of 
steric hindrance. The apparently anomalous lower reactivity of the meth¬ 
ylated quaternary ions compared to the nonmethylated compounds is 
probably due to hydrogen bonding of the acidic hydrogen to nucleophilic 



Scheme 7.7. Rates of nitration relative to a single position of benzene (= I) for alkylthia¬ 
zoles and -isothiazoles. 
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Scheme 7.8. Standard log nitration rate [75JCS(P2)I6I4], 


species in the medium in the NH cation, making the NH + group less 
electron-withdrawing than NMe + . The 2-thiazolones are nitrated as the 
free bases (at least at the lower acidities); this corresponds to the substitu¬ 
tion of 0“ into the thiazolium ring, which, as expected (cf. phenoxide), 
causes a very large rate increase. 2-Alkylthiazoles are nitrated —75% in 
the 5- and 25% in the 4-position (69JHC575). 

c. Selenazoles 

No quantitative data are available for the nitration of selenazole, 
though it is said to be more reactive than thiazole; 4-methylselenazole is 
nitrated at the expected 5-position (48YZ195J97). 

d. Imidazoles 

Tautomerism in imidazole means that the 4- and 5-positions are equiva¬ 
lent on a time average; in the imidazolium ion they are absolutely equiva¬ 
lent. Nitration with mixed acids (65JCS105I; 70CHE465) involves the 
conjugate acid [72JCS(P2)1654] and gives 4(5)-substitution, with a partial 
rate factor of 3.0 x 10“ 9 . l-Methyl-2-isopropylimidazole gives 57% 4-and 
24% 5-nitration (74GEP2354786). The effect of an electron-withdrawing 
group at the 4-position across the high-order 4,5-bond results in substan¬ 
tial 2-nitration (70CHE614). 2-Nitration can be achieved in 1-substituted 
imidazoles by using the 2-lithio derivative (of the I-Me or the 1-Ph com¬ 
pound), which has high charge density at the 2-carbon, hence nitrodelith- 
iation occurs in preference to nitration at the other positions 
(74URP437763). 1-Phenylimidazole is nitrated (as the conjugate acid) at 
the para-position of the phenyl ring [72JCS(P2)1654], 2-(p-Fluorophenyl)- 
imidazole is nitrated 80% at the 4(5)-position, a second nitration occurs 
either at the 5(4)- or at the meta-position (79JHC1153). 4-p-Anisylimida- 
zole undergoes some nitration ortho to the methoxy group, but mainly at 
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the 5-position (77CHE1110). Nitration of 1,4,5-trimethylimidazole 3-ox- 
ide ( 7 . 45 ) takes place on the free base and at the 2-position, but no rate 
data are available [77JCS(P 1)672], 



Me 

7.45 


B. ISOXAZOLES, ISOTHIAZOLES, PYRAZOLES, AND 

Dithiolium Ions 


a. Isoxazoles 

Nitration of isoxazoles with mixed acids gives only a 3.5% yield of the 
4-derivative (59ZOB535), though with nitronium tetrafluoroborate sub¬ 
stantially higher yields can be obtained (8IUSP4288445). Nitration of 
5,5'-diisoxazolyl ( 7 . 46 ) occurs at the 4- and 4'-positions, whereas the 3,3'- 



7.46 


isomer gives the 4,4'-dinitro isomer directly (60CA17368i). Both 3-and 5- 
methylisoxazole are nitrated in the expected 4-position (41G327) and 5- 
methylisoxazole is more reactive because of the bond-fixation effect; it 
gives a 68% yield (45G131). 

In general, the usual pattern of substituent effects is observed for the 
nitration of isoxazoles (37JA933; 38JA1198; 39JA104). Nitration of 3- and 
5-phenylisoxazoles occurs preferentially at the para- and meta-positions, 
respectively, of the phenyl rings [42G537; 67G1604; 76CI(M)880; 
74CHE516]. 5-Phenylisoxazole also gives some 4-nitration (58ZOB359). 
The possibility that the para substitution observed for 5-phenylisoxazole 
might be due to 3-phenylisoxazole present as a major impurity in the 5- 
isomer (65CJC2117) has apparently been excluded (68JOU2057). Some 
meta substitution of the 5-phenyl ring also occurs in 5-phenylisoxazole 
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and the amount of 4-substitution in 5-arylisoxazoles increases as expected 
if the phenyl ring contains electron-withdrawing groups. 3,5-Diphenyl- 
isoxazole is nitrated preferentially at the 4-position, the para position of 
the 5-phenyl ring, or the meta-position of the 3-phenyl ring, depending on 
the conditions used (74CHE516). 

Standard log nitration rates (Scheme 7.9) have been determined for 
some alkyl- and phenylisoxazoles [71JCS(B)2365; 75JCS(P2)1600, 
75JCS(P2)I627], 3-Methyl-5-phenylisoxazole is sufficiently reactive to ni¬ 
trate (in the para-position of the phenyl ring) as the conjugate acid, and 
this can be rationalized because this position in the phenyl ring is conju¬ 
gated with the oxygen atom. By contrast, the para-position in the phenyl 
ring of 5-methyl-3-phenylisoxazole is conjugated with the electron-with- 
drawing nitrogen atom, and now nitration occurs on the free base and not 
on the conjugate acid. This constraint does not apply to the meta-position 
of the same compound, which therefore undergoes nitration as the conju¬ 
gate acid. 3,5-Dimethylisoxazole can be nitrated only in the isoxazole 
ring, and therefore undergoes nitration as the free base. As in the case of 
the results in Scheme 7.8, methyl substitution at the nitrogen atoms of 
isoxazole conjugate acids decreases the reactivity, probably again be¬ 
cause hydrogen bonding is excluded. 4-Halogeno-3,5-dimethylisoxazoles 
undergo nitrodehalogenation, the ease of which follows the usual order I 
> Br > Cl (73CHE1202). 

b. Isothiazoles 

Nitration of isothiazoles in nitric/sulfuric acids gives >90% yield of 
the 4-nitro derivative and the position of the substitution is unaffected 
by 3- or 5-alkyl, -halogeno, or -acylamino substituents [59JCS3061; 
63AG(E)7I4], With the 3-phenyl group conjugated with the electron-with- 
drawing nitrogen atom, 3-phenylisothiazole is nitrated mainly in the meta 
position (68CPBI60; Table 7.4), whereas 4- and 5-phenylisothiazoles are 
nitrated mainly at the phenyl ortho- and para-positions (Table 7.4). The 



Scheme 7.9. Standard log nitration rates for isoxazoles [71JCS(B)2365; 75JCS(P2)I600; 
75JCS( P2) 1627]. “Estimated values. '’For N-protonated species. 
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5-phenyl group is of course also conjugated (though less strongly) with 
the nitrogen atom, but this is partially outweighed by conjugative electron 
release from the sulfur. Consequently, a substantial amount (19%) of 
meta substitution is obtained (Table 7.4). This conjugative electron re¬ 
lease from sulfur to the a-position also accounts for the much lower pro¬ 
portion of meta product in the nitration of 2-phenylthiazole compared to 
3-phenylisothiazoles (Table 7.4), even though both phenyl groups are 
conjugated with nitrogen. 

Standard log nitration rates have been determined for isothiazole and 
various methyl derivatives (Scheme 7.10) [75JCS(P2) 1620]. All these 
compounds undergo nitration as the free base, but the dimethyl com¬ 
pound can in addition be nitrated as the conjugate acid at higher acidity, 
again disclosing the usual pattern of this alternative pathway being avail¬ 
able for more reactive compounds. Surprisingly, the 5-methyl compound 
is slightly less reactive than the 3-methyl compound; a possible reason 
could be that the 3-methyl group reduces rate-decreasing hydrogen bond¬ 
ing at the nitrogen atom by a steric effect. By contrast, another report 
gives the k rcl . values for the 3-Me, 5-Me, and 3,5-Me, derivatives as 2.3, 
3.9, and 6.7 (72BSF162). Both sets of data agree in that the effects of the 
methyl groups are not additive, the dimethyl compound being more 
reactive than expected; no reason for this is apparent. The deactivation 
of the ring by protonation is (at the 4-position) ~7-8 log units. 

c. Pyrazoles 

Pyrazole is nitrated in the 4-position as the free base in H 2 S0 4 (70-80 
wt%) [82CI(L)57] but predominantly as the conjugate acid in 90-99 wt% 
H 2 S0 4 (65JCS1051). For the latter the partial rate factor is 2.1 x 10 
making the pyrazolium ion 14.3 times less reactive than the 
imidazolium ion. The low 3,4-bond order results in 3-carboxypyrazole 
also undergoing nitration in the 4-position (59G1539). However, whereas 
3-methyl-1-phenylpyrazole is nitrated at the 4-position, for 3-carboxy-l- 
phenylpyrazole it occurs at the para-position of the phenyl ring 
(59G1539). 

Nitration of 1-phenylpyrazole itself has been subjected to considerable 
attention. The low basicity of the compound (the nitrogen lone pair is 



Scheme 7.10. Standard log nitration rates for isothiazoles [75JCS(P2)1620[. 
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delocalized into the phenyl ring) allows nitration on the free base; nitra¬ 
tion in acetic anhydride (probably via the free base) goes into the 4-posi¬ 
tion (56G797; 63CJCI540) (as it also does for 1,5-diphenylpyrazole), but 
in sulfuric acid the p-nitro derivative is obtained (56G797; 57JCS3024) 
indicating that the N-2-protonated species is involved. A similar pattern 
has been found in studies of nitration of other l-arylpyrazoles. Methyl 
groups at N-2 or C-5 reduced the nitration rate of l-phenylpyrazoles; this 
was attributed to steric hindrance to attainment of coplanarity between 
the phenyl and pyrazole rings [72JCS(P2)1654], though it should be noted 
that the electron release should be from N-l into the phenyl ring rather 
than vice versa. An alternative explanation is that the methyl groups re¬ 
duced the conjugation between N-I and the phenyl groups so that in¬ 
creased protonation (or hydrogen bonding) occurs at N-l. 

Nitration of 3- or 5-phenylpyrazole by nitric acid/acetic anhydride gives 
a mixture of l-acetyl-3-(5)p-nitrophenylpyrazole and 3-(5-)phenyl-l-nitro- 
pyrazole [58AC(R)783]. Nitration of 4-phenylpyrazole with the same re¬ 
agent give substitution in both rings, and in the phenyl ring this is predom¬ 
inantly ortho, with an ortho/para ratio of 4 (72RTCI185) [cf. nitration of 
biphenyl, 166JCS(B)727]]. For 4-formyl-1-phenylpyrazole, the ortho¬ 
para-product ratio is 1.2, presumably because of the greater inductive 
electron withdrawal of the formyl group. 

The high reactivity of the 4-position is such that 4-bromopyrazole 
undergoes nitrodebromination, but in 1- or 3-phenyl-4-bromopyrazole, 
nitration in the phenyl rings also occurs (79AJC1727). However, in 4- 
chloro-5-carboxyl-l-methylpyrazole, nitrodecarboxylation is preferred 
(82JGU2291); the carboxyl group deactivates the 4-position more than the 
chloro deactivates the 5-position. 

Kinetic studies of the nitration of a range of pyrazoles, hydroxypyra- 
zoles, and pyrazolones have produced the standard log nitration rates 
given in Scheme 7.11 [74JCS(P2)382, 74JCS(P2)389; 75JCS(P2)I600, 
75JCS(P2)I609, 75JCS(P2)1632], 

The data show very clearly the rate-lowering effect of methyl groups 
at the 2- and 5-positions on nitration at the para-position of a l-phenyl 
group; this rate reduction has been attributed to steric hindrance to copla¬ 
narity of the two aryl rings as noted above. However, entries in Scheme 
7.11 dealing with nitration at the pyrazole ring 4-position show that the 
net effect of electron flow is from the pyrazole ring to the phenyl ring. 
Thus, the introduction of methyl groups in the ortho-position of the phe¬ 
nyl ring, which also reduces conjugation between the aryl rings through 
steric hindrance, produces (in the case of the dimethyl compound) a sub¬ 
stantial increase (30-fold) in the nitration rate at the 4-position of the pyra¬ 
zole ring; this may be attributed to greater availability of the N-l lone 
pair in the pyrazole ring. The difference in rate between 5-methoxy-3- 
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methyl-4-nitro-l-phenylpyrazole and pyrazolone structural isomers has 
been attributed to reaction occurring on the neutral (and thus more reac¬ 
tive) oxo form of the latter. 

Nitration of l-methyl-4-(2,4-dinitrophenyl)pyrazole ( 7 . 47 ) occurs 25% 
at the 3-position and 15% at the 5-position of the pyrazole ring, whereas 
the 2,4,6-trinitro homologue ( 7 . 48 ) nitrates only in the 3-position 
(70JHC707; 71JHC293), probably because of the increased electron with¬ 
drawal in 7.48 across the high-order 4,5-bond (cf. the explanation given 
in the paper that the 5-nitro derivative was formed, but that its rate of 
decomposition was greater than its rate of formation!) 



Me Me 

7.47 7.48 7.49 


In contrast to the results for pyrazole, 1-methylpyrazole TV-oxide (7.49) 
nitrates at the 5-position (72TL2771), which may be attributed to conjuga- 
tive (+ M) electron release from oxygen to the 5-position. Some 3-nitra¬ 
tion could therefore also be expected, but none was reported. 

d. Dithiolium Ions 

Nitration of phenyl derivatives of 1,2-dithiolium ions 7.50 and 7.51 oc¬ 
curs at positions by arrows where (61JA2934), showing that in the dithio¬ 
lium ring the positive charge is greater at the 3-(5)-position than at the 4- 
position. 



7.50 7.51 


Scheme 7.11. Standard log rates for nitration of pyrazole and derivatives [74JCS(P2)389: 
75JCS(P2)1600.75JCS(P2)I609, 75JCS(P2) 1632], Positions that have underlined values react 
as the free bases. Where two values are given, the underlined value is for reaction on the 
free base (at low acidity); the other value refers to reaction on the conjugate acid. 
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C. OXADIAZOLES, THIAD1AZOLES, TRIAZOLES, AND 

Derivatives 


a. Oxadiazoles 

2,5-Diphenyloxa-l,3,4-diazole (7.52) gives the percentage yields of mo¬ 
nonitration products shown (61ZOB1919), so the heterocycle has no 
strong directive effect. More recent work [80JCS(P2)773] has shown that 
all six possible dinitro derivatives may be obtained. Surprisingly, nitra¬ 
tion with nitric acid gives mainly para derivatives, whereas with nitro- 
nium tetrafluoroborate mainly meta derivatives are obtained. 



7.52 7.53 7.54 


5-Alkyl-3-phenyloxa-1,2,4-diazole (7.53), by contrast, nitrates mainly 
at the meta-position (98% for R = H) (63G1196); the electron density at 
the 3-position of oxa-1,2,4-diazole in 7.53 is expected to be lower than at 
the 2-position of oxa-1,3,4-diazole in 7.52. Similar reasoning accounts for 
the meta substitution in 5-phenyloxa-1,2,4-diazole (7.54) (63G1196). Ni¬ 
tration of 3-arylsydnones (7.55) occurs in the sydnone ring rather than in 
the phenyl ring (69TL579). The sydnone ring is a mesomeric betaine and 
can be considered as an oxadiazolium analogue of the phenol anion and 
therefore very reactive toward electrophilic substitution. Note that bond 
fixation in 7.55 means that the positive pole does not deactivate strongly 
the adjacent 4-position. 



etc. 


7.55 (R=H,Me,OMe) 


b. Thiadiazoles 

For 1,3,4-thiadiazole, the lower electron supply from the sulfur com¬ 
pared to the oxygen equivalent accounts for the ortho : meta: para rate 
ratio in the phenyl ring of 1 :3 :2 in the 2-phenyl derivative (7.56); no 
substitution took place at the 5-position (53JPJ701). 
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c. Triazoles 

2-(2\4',6'-Trinitrophenyl)-l,2,3-triazole (7.57) undergoes nitration at 
the 4-position (71JHC51); the lone pair on N-2 is evidently still sufficiently 
electron supplying to compensate for the deactivation by the other nitro¬ 
gens. However, the 1-isomer (7.58), which might be expected to be more 
reactive, does not undergo nitration (71JHC51). The triazole ring is less 
reactive than benzene, but not greatly so, as indicated by the nitration of 
2-phenyl-1,2,3-triazole, which occurs first at the para-position of the phe¬ 
nyl ring, and then at the 4-position (63CJC274). 

Nitration of l,2,4-triazol-5-ones 7.59 and 7.60 took place on the free 
bases and gave the standard log rates indicated. The enormously higher 
(9000-fold) reactivity of the dimethyl compound has been attributed to the 
electronic effect of the o- x m-methyl groups (82MI1), but this appears 
unlikely. Perhaps 7.59 easily undergoes covalent hydration. 



7.57 758 7.59 760 


5. Halogenation 

A. Oxazole, Thiazole, and Imidazole 

The positional reactivity order for bromination of oxazole is 5 > 4 > 
2 [59LA(626)83,92], which contrasts with an earlier report that thiazole 
brominates in the 2-position (34RTC77). 4,5-Diphenyloxazole is reported 
not to be brominated in either of the phenyl rings (63JCS1363), presum¬ 
ably due to steric hindrance forcing the phenyl rings to be orthogonal to 
the oxazole ring. 2-Phenyloxazole and 2-phenyltriazole brominate as the 
free bases in the 5-position [85CS(25)295]. 
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Bromination rates for compounds (7.61) give a Hammett correlation 
with p = -0.69 for R' = CH 2 C1, and -0.75 for R' = CH 2 OH [72MI3]. 
The activating effects of 2-substituents upon the 5-position was shown to 
be OH, NH 2 > Me (39CB1470) and the strong activation of both bromina¬ 
tion and chlorination of the 5-position by 2-NH 2 (NHAc) has been con¬ 
firmed (47JCS431; 54RTC325). Substituents in the aryl ring of compounds 
7.62 activate bromination in the usual electrophilic order 
[72CA(76) 12683]. Compound 7.63 is brominated in both positions indi¬ 
cated, suggesting that both rings are of comparable reactivity 
[73ACH107], Bromination of 7.64 (X = H, Br) takes place in the thiazole 



7.63 7.64 


ring, but in the presence of a silver salt only the phenyl ring of 7.64 (X = 
Me) is brominated (74ACH381). This is an interesting result because there 
are very few quantitative (or qualitative) data in aromatic substitution in 
general relating to the effect of forming silver-aromatic complexes (which 
lowers the reactivity). The implication here is that thiazole complexes 
better than benzene, consistent with the higher -ir density in the former. 

The positional reactivity order becomes 2 >> 5 > 4 in the electrophilic 
bromodechlorination of 2,4,5-trichlorothiazole (76JHC1297). This finding 
indicates that the 5- and 4-positions are mutually strongly deactivated by 
the -I effect of the adjacent chlorine, which is enhanced by the short 
C-4—C-5 bond length. 

Imidazole is brominated preferentially in the 4(5)-position, though 
iodination apparently goes at the 2-position [28JPR( 118)33]. The latter 
anomaly may arise through iodination (and diazonium coupling) taking 
place upon the conjugate base. Iodination gives a substantial kinetic iso¬ 
tope effect (k H : k D = 4.4) showing that C—H bond breakage is partially 
rate-determining; diazonium coupling on the other hand gives no kinetic 
isotope effect (58MTI). Bromination without catalysts or in HO Ac- 
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NaOAc gives the tribromo derivative (22JCS947; 73ACS2179) emphasiz¬ 
ing the high intrinsic reactivity of imidazole, which is also shown by 
the ready bromination at the 5-position of 2-methyl-5-nitroimidazole, 
and the 2-position (85%) of 4-carboxy-5-nitroimidazole (Br, in NaOH) 
(73GER2243015; 82CHE539). This is also evident from the close posi¬ 
tional reactivities in bromination of imidazole: —0.45 (4,5), 0.2 (2); and 1- 
methylimidazole: 2.3 (5), 1.7 (4), and 0.8 (2). The relative reactivity of 
the 5-position of 2-methylimidazole was 90 (i.e., the 2-methyl substituent 
activates the 5-position —180-fold) (74AJC2331). More recent partial rate 
factors for imidazole are/, = 1.44 x 10 lo ;/ 4 - 2.88 x 10 10 ;/, = 3.6 x 
10'° [78JCS(P2)865]. The greater reactivity of the 1-methyl derivative is 
also shown by the yield (in bromination by tetrabromocyclohexa-2,5-di- 
enone) being higher (66%) than for imidazole (41%)[72JCS(P2)2567]. 

Iodination of 1-methylimidazole shows the same substitution pattern as 
bromination, giving 14% of a mixture of 4- and 5-iodo-, 33% of 4,5-di- 
iodo-, and 2% of triiodo-1-methylimidazole. The 2-position in the latter is 
the most reactive toward protiodeiodination (79BAU1446), which paral¬ 
lels the observation in bromodechlorination of thiazole (above). Methyl- 
imidazoles give the expected reactivity order in iodination, namely 4-Me 
> 2-Me > (imidazole), and reaction of each compound is base catalyzed. 
Imidazole and 2-methylimidazole will also undergo uncatalyzed iodin¬ 
ation, whereas the 4-methyl isomer apparently does not (80JOC3108). Io- 
dodelithiation has been used to iodinate an iodoimidazole in the 2-position 
(the initial lithiation was carried out on the 1-benzenesulfonyl derivative) 
(77JHC5I7); this uses the same principle noted above under 
nitrodelithiation (Section 4.A.d). 

Iodination of nickel(Ill-coordinated imidazole at pH 6.5 takes place 19 
times slower than for imidazole. This contrasts with the iodination of 
nickel(II)pyrazole which at pH 6.5 reacts —4 times faster than does pyra- 
zole. The reason for this difference is behavior was not evident, but it was 
noted that nickel complexes of imidazole are much stronger than nickel 
complexes of pyrazole. Alteration in acid dissociation constants of the 
substrate may affect the rates of individual steps of the reaction 
(66JA5537;72JA2460). 


B. ISOXAZOLE, ISOTHIAZOLE, AND PYRAZOLE 

Isoxazole is brominated in the expected 4-position in 42% yield 
(60G356), whereas the 3- and 4-phenyl derivatives are brominated almost 
exclusively in the phenyl rings (98% para in the latter case) [67GI604; 
76CI(M)880], The result for the 3-phenyl compound is surprising and sug- 
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gests steric hindrance as the cause. The relative rates of bromination in 
85% acetic acid at 50°C of 5-phenyl-, 3,5-diphenyl-, 3-methyl-5-phenyl-, 
and 5-methyl-3-phenylisoxazole are ~1 : 3 : 30: 5, the compounds overall 
being 100-1000 times more reactive than benzene (75CHE643). Bromina¬ 
tion of 3,5-diphenylisoxazole in sulfuric acid takes place at the 4-position, 
whereas the corresponding quaternary ion brominates in the phenyl rings, 
showing that the free base is involved under the former conditions 
(71JOU1835). Isoxazoles with other activating groups at the 3- and/or 5- 
positions are readily brominated and iodinated at the 4-position 
(68YZ1289). 

High yields of 4-derivatives are obtained on bromination of isothiazoles 
with activating substituents at the 3- and/or 5-positions [63AG(E)714; 
64CI(M)207; 72AHC(14)17]; 3-methyl-5-carboxyisothiazole has been bro¬ 
minated despite the strong deactivation across the 4,5-bond by the carboxyl 
group (63JCS2032). Bromination of 4-phenyisothiazole goes para in the 
phenyl ring and in the 5-position of the heterocyclic ring (69JHC841). 

Bromination of 3-2//-isothiazolones 7.65 give the 4-bromo derivatives, 
which are further brominated to the 4,5-dibromo derivatives only with 
difficulty. By contrast, chlorination readily affords the 4,5-dichloro deriv¬ 
ative, and stopping the reaction at the 4-chloro stage is difficult 
(77JHC627, 77JHC725). The anomaly was not explained by the original 
authors but strongly suggests that the steric hindrance slows the second 
bromination; such hindrance would be enhanced here by the particularly 
short 4,5-bond length. This would also explain why chlorination of the 4- 
methyl compound (7.66) was easy while bromination was difficult 
(77JHC725). Halogenation of 7.65 became increasingly difficult along the 
series R = alkyl, aralkyl, cyclohexyl, p-chlorophenyl. 


765 7.66 

Pyrazole is chlorinated, brominated, and iodinated in the 4-position 
[66AHC(6)391] and the partial rate factor for bromination of the 4-posi- 
tion of pyrazole is 7.2 x 10 6 (i.e., slightly lower than that for the 4-posi- 
tion of imidazole) [78JCS(P2)865]. 3-Methylpyrazole is dichlorinated at 
the 4- and 5-positions [56LA(598)186] and pyrazole is readily tribromi- 
nated [55LA(593)179], a 96% yield of 3,4,5-tribromopyrazole being re¬ 
corded under alkaline conditions (reaction via the anion) (74FRP 
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2193823). 1-Phenylpyrazole is always brominated initially in the phenyl 
ring (66AHC(6)391) (cf. nitration), and further bromination gives a tri- 
bromo derivative, probably l-(/j-bromophenyl)-4,5-dibromopyrazole 
(61JCS2769). 3-Methyl-1-phenylpyrazole is brominated at the para- and 

4- positions (61JCS2769). As in the case of imidazole, 1-methylpyrazole is 
more reactive than pyrazole itself, by a factor of —2.0, (cf. —4.0 for 
imidazole); such N-methylation also facilitates iodination [55LA 
(593)200], The combined activation by 3,5-dimethyl substituents in bromi¬ 
nation is 3.7 x 10 3 over pyrazole itself (71AJC1413); the individual 3- and 

5- Me effects are estimated as —15- and 300-fold, respectively, since the 
4,5-interaction will be approximately double the 2,5-interaction in imidaz¬ 
ole because of the bond-order effect. A deactivating carboxy substituent 
in the 3-position does not prevent halogenation at the 4-position 
(82JGU2291), again because of the low C-3—C-4 bond order (cf. nitra¬ 
tion). Halogenation of 1-hydroxypyrazole and its 2-oxide also goes into 
the 4-position (80JOC76). The 2-oxide function should raise the reactivity 
of the 3- and 5-positions relative to that of the 4-position, but evidently 
this is insufficient to outweigh the intrinsic higher reactivity of the latter. 

A study of the iodination of pyrazole and 1-alkylpyrazoles has led to 
the conclusion that the reactivity of the anion (conjugate base) is en¬ 
hanced relative to the neutral species by 10 95 " 12 8 (67JA6218). The reactiv¬ 
ity of the 4(5)-positions of imidazole (statistically corrected) to that of the 
4-position of pyrazole has been determined as 1.3 (64JA2857), which 
agrees with the localization energy calculated for these positions of 
-2.10(3 and -2.13(3, respectively (55AJC100). 

Bromination of thienylpyrazoles and their N-methyl derivatives (7.67 
and 7.68) took place as expected at the 5-position of the thiophene rings. 
Compound 7.67 (R = Me) is brominated 5.4 times faster than 7.69, which 



767(R=H,Me) 7.68 (R = H,Me) 7.69 

is also brominated at the 5-position of the thiophene ring [80CS(15)102]. 
This latter finding is again exactly as expected in view of the well-docu¬ 
mented results for 1-phenylpyrazole. Similar results were obtained in 
nitration. 
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C. THI ADI AZOLES AND TRI AZOLES 

Both 1,2,5- and 1,3,4-thiadiazoles can be monohalogenated if the 
strongly activating NH 2 group is present (64GER1175683; 65ACS2434). 
The more reactive 1,2,4-triazole can itself be dibrominated in 29% yield 
[65AG(E)434], The triazoles are, however, considerably less reactive 
than benzene, as indicated by bromination of the para-position of the phe¬ 
nyl ring in 2-phenyl-l,2,3-triazole (63CJC2380). Bromination and chlori¬ 
nation of 1,2,4-triazole can also be achieved through rearrangement of the 
1-halogeno derivative (69CHE844) (cf. the rearrangement of 7V-halo- 
amides in benzenoid chemistry). 


6. Alkylation, Chloro(hydroxy)alkylation, and Acylation 

Because of the ease of N-alkylation, there is but one report of C-alkyl- 
ation, namely the benzylation of N-alkylpyrazoles in the 4-position at 
high yield (60ZOB2942). 

Chloro(hydroxy)methylation has been more studied. The reactivity or¬ 
der for chloromethylation of isoxazole derivatives at the 4-position for 
various substituent groups is 5-Ph > 3,5-Me 2 > 5-Me > 3-Me > (isoxa¬ 
zole) (57ZOB3210; 58ZOB2376); the effect of bond fixation is again evi¬ 
dent in the results for the monomethyl compounds. l-Benzyl-2-isopropyl- 
imidazole is hydroxymethylated first at the 5- and then at the 4-positions 
(72RTC1383). 2,4-Dialkylimidazoles give 5-hydroxymethyl derivatives in 
considerable yield in weakly acidic (but not weakly basic) media 
(74CPB2359). 1,2,5-Thiadiazole is sufficiently reactive to be chlorometh- 
ylated to the 3,4-bis(chloromethyI) derivative (74CC585), since the first 
substituent activates the ring toward entry of the second. 

There are no reports of acylation of the oxygen- and sulfur-containing 
heterocycles, presumably because the catalytic conditions that would be 
necessary (more drastic than for furan or thiophene) result in coordina¬ 
tion of the ring nitrogen with the catalyst. N-Substituted pyrazoles and 
imidazoles can be C-acylated only if special conditions are used. Both 1- 
methyl- and 1-phenylpyrazole, and 2- and 5-methyl derivatives of the lat¬ 
ter, are formylated in the 4-position (57JCS3314; 59JCS1819; 61JCS2733), 
as are 1,3- and 1,5-dimethylpyrazoles, each in 57% yield (73JOU840). N- 
Arylpyrazoles are easier to acylate because they are less likely to be pro- 
tonated under the reaction conditions; benzoylation occurs in high yield 
in the 4-position even in the absence of catalysts (1889G128; 26CB611; 
60ZOB203). Acylation of imidazole in the 2-position can be achieved in 
the presence of triethylamine (77LAI45), which suggests that the conju- 
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gate base is the reacting species. Use of chloroformates in this reaction 
gave 2-carboxylates, and benzoylation at the 2-position can be achieved 
in 59-81% yield (78S675). The reaction also works with JV-acyl- and N- 
methoxymethylimidazoles, the N-substituent being subsequently re¬ 
moved readily with dilute acid (77LA159). 


7. Sulfonation, Sulfenylation, and Diazonium Coupling 

Phenyloxazoles are sulfonated and chlorosulfonated only at the para- 
position of the phenyl ring (53GEP869490; 55GEP926249; 63JCS1363). If 
20% oleum is used, isoxazole can be sulfonated in the 4-position 
(17%)(59ZOB535). 3,5-Dialkylisoxazoles are more reactive, as expected, 
and sulfonation can be achieved with chlorosulfonic acid (40G 1,11). 3- 
Methylisothiazole is sulfonated 97% in the 4-position (65JCS7283), 4- 
methylisothiazole is reactive enough to be sulfonated in low yield in the 
5-position [63AG(E)714], and 2,4-dimethylselenazole can be sulfonated in 
the 5-position (48YZI95). 

The tendency toward protonation is particularly marked for imidazole 
and pyrazole, which, probably because of this, are sulfonated only under 
fairly drastic conditions. For example, sulfonation of 3-methylpyrazole 
(at the 4-position) requires !00°C and 20% oleum [1894LA(279)217]. Sul¬ 
fonation of 3-methyl-1,5-diphenylpyrazole does not go into the para-posi¬ 
tion of the I-phenyl ring, but rather into the 4-position, and the para- 
position of the 5-phenyl ring (6IJCS385I). Steric interaction between the 
1- and 5-phenyl rings and the resulting noncoplanarity with the pyrazole 
may reduce conjugation between the 1-phenyl ring and the nitrogen lone 
pair. Sulfonation of 2-methylimidazole requires strong oleum and takes 
place at the 4-position (24JCS919), whereas sulfonation of 4-methylimid- 
azole with oleum (27JCS2711), and 4-bromoimidazole with chlorosulfonic 
acid (57JA2188), both occur at the 5-positions. 

Chlorosulfonation of 4-(p-X-phenyl)-2-methylthiazoles (X = H, Me, 
Cl, Br) occurs at the meta-position of the aryl ring in 75-81% yield 
[77IJC(B)1063], For the unsubstituted phenyl compound this is very sur¬ 
prising and contrasts markedly with results for nitration (Table 7.4). Sul¬ 
fonation of imidazole by arylsulfuryl chlorides takes place 35 times faster 
in acetonitrile than in methanol at 25°C. The p factor for the effects of 
substituents in the aryl ring was —1.5, and slightly greater for reaction in 
acetonitrile [73JCS(P2)823], 

Sulfenylation of A-methyl-2-thiomethylimidazole with trifluorometh- 
ylsulfenyl chloride in THF gives a 43% yield of the 4-trifluoromethylthio 
derivative (75JHC597). 
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The reaction of aryldiazonium ions with l-(4'-sulfophenyl)-3-methyl- 
pyrazolium-5-one (7.70) takes place at the 4-position, and the p factor for 
the effects of substituents in the aryl ring of the diazo ion is 3.29, similar 
to that for coupling at the 1-position of 2-hydroxynaphthalene-6-sulfuric 
acid (69CCC3895). For coupling at the 4-position of l-phenyl-2,3-dimeth- 
ylpyrazolium-5-one (7.71) the corresponding p factor was 3.60 
(69CC3905). 



Ar 
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8. Metallation 


A. Mercuriation 

Mercuriation of diphenyloxazoles occurs only in the heterocyclic rings. 
The order of reactivity, namely 2,4-diphenyl- > 2,5-diphenyl- > 4,5-di- 
phenyloxazole, suggests a positional reactivity order of 5 > 4 >> 2 
(66CHE14), though this conclusion is not rigorous because of the differ¬ 
ential activating effects of the phenyl rings. 

Isoxazole decomposes under mercuriating conditions, though 3,5-di- 
substituted derivatives may be mercuriated in the 4-position in 90-100% 
yield (58ZOB359; 60ZOB1269). 

From the ease of mercuriation of mono,- di-, and trimethylthiazoles, 
the positional reactivity order is indicated to be 5 > 4 > 2 (60CA24661c). 
Surprisingly, 2-acetamido-4-methylthiazole is said not to mercuriate 
(59JIC434), though the 5-position should be strongly activated; it may be 
sterically hindered. Steric hindrance must be partly responsible for the 
reactivity order for substituted thiazoles: 2-Ph- > 4-Me-2-Ph- > 2-Me- 
thiazole; in this work the 4,5-dimethyl compound was unreactive 
[72C A(76)72617]. 

1-Arylpyrazoles mercuriate in the 4-position (54JCS2293; 55JCS1205; 
60ZOB2931), and 3-phenyl-1,2,4-oxadiazole mercuriates in the 5-position 
(64HCA838), the only electrophilic substitution reported in this hetero- 
cylic ring. 
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B. LlTHIATlON 

The mechanism for this reaction parallels that in base-catalyzed hydro¬ 
gen exchange, so the positional reactivity order should be 5 > 3 > 4 for 
1,2-azoles and 2 > 5 > 4 for 1,3-azoles. Thus, isothiazole is lithiated in 
the 5-position (64JCS446, 64JCS3U4), 1-phenylpyrazole gives a 4 : 1 mix¬ 
ture of the 5-/ortho-derivatives (in 80% yield) (58JA6271), and 1-substi¬ 
tuted imidazoles are lithiated at the 2-position (71BAU1429; 73JOC3762; 
77JHC517). Because the 4-position in azoles with 1,2-heteroatoms is un¬ 
reactive, 3,5-dimethylisothiazole is cleaved by n-butyllithium, whereas 
4-methylisothiazole is lithiated at the 5-position (69%) (70CJC2006), 4- 
Aryl-2-methylthiazoles can be lithiated in (mainly) the 5-position, but 2,4- 
dimethylthiazole is lithiated in the side chain (74JOC1192). 

1-Methyltetrazole is lithiated in the 5-position, but 1-phenyltetrazole is 
prone to decompose under the same conditions (71CJC2139). 3,4-Disub- 
stituted-2-3//-thiazolthiones (7.72) can be lithiated in the 5-position 
(80S800). 2-(2-ThienyI)thiazole (7.73) is lithiated at the 5-position of the 
thiazole ring (74BSF2099). 



7.72 7.73 


9. Side-Chain Reactions 

A. Determination of Positional Reactivities 

Side-chain reactions are able to give accurate quantitative values for 
the electrophilic reactivities of the free bases, but there have as yet been 
far fewer such studies than of the conventional electrophilic substitutions 
already discussed. Reactions can be carried out in solution or in the gas 
phase. Solution work has been due to Noyce and co-workers using the 
solvolysis of either 1-arylethyl chlorides, 2-arylprop-2-yl chlorides, or the 
corresponding p-nitrobenzoates. Results for thiazole, isothiazole, and N- 
methylimidazole (in terms of cx + values) are given in Scheme 7.12 
(73JOC3316, 73JOC3762; 75JOC3381). These demonstrate a number of 
points. 
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Me 

Scheme 7.12. Values of a* determined via solvolysis (73JOC33I6: 73JOC3762: 
75JOC3381), 

(1) Each compound is less reactive than the corresponding heterocycle 
which does not contain multiply bonded nitrogen (Chapter 6), as theory 
requires. 

(2) N-Methylimidazole is much more reactive than thiazole, again as 
required. 

(3) The 1,3-azole (thiazole) is more reactive than the 1,2-azole (isothia- 
zole), also as required. 

(4) The positional reactivity order in the 1,3-azoles is 5 > 4 >> 2. 

(5) The positional reactivity order in the 1,2-azole (isothiazole) is 4 > 
3 > 5. The 3- versus 5-order is anomalous, the reactivity of the 5-position 
appearing to be too low, and possible causes for this are described below. 

(6) The a -: 0-reactivity ratio for N-methylimidazole is close to 1.0 as 
it is also in N-methylpyrrole (Chapter 6). 

Values of ct + have also been determined in the gas phase, from pyroly¬ 
sis of 1-arylethyl acetates [86J(P2)1265]; results for isothiazole are unpub¬ 
lished. They are shown in Scheme 7.13, and are free from any solvation, 
protonation, or hydrogen-bonding effects. Noteworthy points here in¬ 
clude the following. 

(1) The positional reactivity order in thiazole is again the expected one. 
However, the magnitudes of the <r + values are very different from those 
in Scheme 7.12. The most probable cause for this is that the azoles are 
very susceptible to demands for resonance stabilization of the transition 
state for a particular reaction. This is not unexpected, because the reac¬ 
tivity of the azoles is the product of two opposing electronic effects from 
the heteroatoms, which are each large. A small alteration in the demand 
for resonance in a particular reaction may dramatically upset this balance. 

0.505 N -0.395 

-0.07^3o- 9 3 °-705O £f. C^>- 0.795 

Scheme 7.13. Values of ct* determined from pyrolysis of 1-arylethyl acetates 
[86JCS(P2)1265). 
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Further evidence to support this view comes from hydrogen exchange 
(Scheme 7.1), in which log/for the 4-position of isothiazole is 3.6, and 
since p is -7.5, <j + is -0.48, again very different from that given in 
Scheme 7.12. Available results suggest that the demand for resonance 
stabilization of the transition state decreases along the series hydrogen 
exchange > solvolysis > pyrolysis. As a result, the 4-position of thiazole 
(and possibly also for isothiazole) may be more, or less, reactive than a 
position in benzene, depending on the electrophile and on the conditions. 
The para-position in fluorobenzene provides a direct analogue in benze- 
noid chemistry. 

(2) In view of the above, the reactivity of the 5-position of isothiazole 
in pyrolysis could be expected to be substantially less than in solvolysis, 
whereas this is not observed. The discrepancy appears to arise because, 
as already noted above, the reactivity of the 5-position of isothiazole in 
solvolysis seems too low. This view is also supported by the following 
argument. The a-position of thiophene is —0.4 cr units more reactive than 
the (3-position. Because of bond fixation, the nitrogen in azoles deacti¬ 
vates more strongly across the 2,3-positions than across the 2,5-positions. 
Hence it is impossible, unless secondary factors intervene, for the 3-posi¬ 
tion of isothiazole to be more reactive than the 5-position, so such a factor 
must be involved in producing the anomalous result in solvolysis. 

Two secondary factors may be considered. One is that hydrogen bond¬ 
ing (which would lower the reactivity) is differentially affecting the posi¬ 
tional reactivities. The probe substituent in the solvolysis is quite large, 
and when adjacent to nitrogen it may partially prevent hydrogen bonding, 
thus causing the reactivity of the probe site to be enhanced. This would 
affect the reactivities of the 2- and 4-positions of thiazole and the 3-posi¬ 
tion of isothiazole, each of which should be substantially more reactive 
than in pyrolysis, compared to other sites. The data in Table 7.5 support 
this view, there being a large difference in 8a + between the “shielded” 
positions on the one hand, and the “unshielded” positions on the other. 
Furthermore, such shielding would be greatest across a bond of high or- 


TABLE 7.5 

or* Values from Solvolysis and Pyrolysis 


Compound 

Position 

a* -Solvolysis 

(r + -Pyrolysis 

5ct + 

Thiazole 

2 

0.26 

0.93 

0.67 

Thiazole 

4 

-0.01 

0.505 

0.515 

Thiazole 

5 

-0.18 

-0.07 

0.11 

Isothiazole 

5 

0.67 

0.705 

0.035 
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Scheme 7.14. Deactivating effects of the aza substituent, in terms of a* values, in thia- 
zole, isothiazole and pyrdine. 


der, it being shortest, and the difference between the first two entries in 
Table 7.5 demonstrates this. 

The second possibility requires the assumption that the lone pair on 
nitrogen (but not the sulfur d orbitals) has a smaller space requirement 
than a C—H bond. Consequently, when the probe is adjacent to nitro¬ 
gen, the empty p orbitals in the carbocation in the transition state are 
better able to overlap with the p orbitals in the azole ring, and the re¬ 
activity will be enhanced. One must also assume that this is relatively 
unimportant in pyrolysis, which is reasonable since less charge is devel¬ 
oped in the transition state. A parallel discrepancy in reactivity adja¬ 
cent to nitrogen is evident in pyridine chemistry, in which the results 
tend to support the former interpretation; this is discussed further in 
Chapter 9. 

(3) Comparison of the reactivity of thiazole, isothiazole, and thiophene 
(see also Chapter 6, Section 9.A) determined under the same gas-phase 
conditions permits determination of the effect of the aza substituent at 
each position in thiazole (assuming that sulfur has the same effect in both 
thiophene and thiazole) and likewise at the 5-position of isothiazole. This 
effect (in terms of cr + values) is shown in Scheme 7.14, together with, for 
comparison, the values obtained for pyridine under the same conditions 
(see also Chapter 9). 

Three features are evident from these results, (a) Nitrogen deactivates 
much more strongly in the azoles than in pyridine. This is the first indica¬ 
tion of the phenomenon, and the reasons for it are not yet apparent, (b) 
Nitrogen deactivates much more strongly across the 2,3-bond compared 
to the 3,4-bond. This is expected because of bond fixation, and these 
results provide the first direct quantitative evidence, (c) Nitrogen de¬ 
activates more strongly between the 2,3-position compared to the 
2,5-positions. This has been indicated by analyses given earlier in this 
chapter, and the present results provide the first direct quantitative 
confirmation. 
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B. Transmission of Substituent Effects 

Transmission of substituent effects has been measured in thiazoles 
only, using compounds 7.74-7.77 (Table 7.6, 73J03318,3321). Data for 
compounds 7.74 correlate well with tr + values, with p = -6.2, a similar 
value applying for compounds 7.75 (excluding the result for the 2-phenyl 
substituent). This implies that thiazole is a better transmitter of substitu¬ 
ent effects than benzene (for which p is -5.7), but other factors may 
contribute to enhancing the p factor (see Chapter 6, Sect. 10.C). In com¬ 
pounds 7.75, the phenyl substituent activates —20 times more than it 
should according to its a + value, which has been ascribed to greater co¬ 
planarity between the aryl rings than in biphenyl, arising from the more 
favorable five-membered ring geometry, and the lack of C—H bonds in 
the heterocycle. The results indicate that the two aryl rings are almost 
coplanar (73JOC2433). Compounds 7.76 and 7.77 give a very poor Ham¬ 
mett correlation, for not only are the methyl groups exceptionally activat¬ 
ing, but the m-SMe and m-Ph groups activate and m-bromo should be 
much more deactivating. 


TABLE 7.6 

Relative Rates of Solvolysis of Substituted 
Thiazoles 

Compound 



X (7.74) (7.75) (7.76)" (7.77) 


OMe 68,000 

SMe 9,800 

Me 75 

Ph — 

H I 

Cl 0.29 

Br — 


6100 — 5.85 

74 11.1 6.29 

— 3.3 2.43 


0.11 


“In this series the combined effects of 4.5-Me ; substituents was 
1275. 
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Although the results suggest that conjugative effects are transmitted 
exceptionally strongly between the 2- and 4-positions, and may be en¬ 
hanced by increased opportunities for coplanarity of substituents and the 
heterocyclic ring, an alternative possibility is that when nitrogen is 
flanked by two substitutents, hydrogen bonding is reduced even further 
and the reaction rates become abnormally high (75MI2). 

10. Theoretical Calculations of Reactivity 


There have been many molecular orbital calculations performed on the 
azoles, the majority of them directed toward determining factors other 
than their electrophilic reactivities. In view of the wide range of cr + values 
for a given position, with activation or deactivation depending upon the 
reaction studied, it is clear that calculations are unlikely to be able to 
provide more than the positional order of reactivities since they are un¬ 
able to take account of the structure of a given transition state. The posi¬ 
tional orders can, however, be much more simply obtained by application 
of a few elementary principles, as follows. 

(1) The order of azole reactivity will parallel that found for the analo¬ 
gous five-membered heterocycles containing one heteroatom (Chapter 6) 
[i.e., NH(R) > O > Se > S]. 

(2) The azoles will be less reactive than these analogues, and this effect 
will increase the more multiply bonded nitrogen atoms there are within 
the ring (i.e., the order of reactivity is five-membered rings with one het¬ 
eroatom > azoles > diazoles > triazoles). 

(3) Nitrogen in positions a to the principal heteroatom will lower the 
reactivity more than nitrogen in p-positions. [The same rule applies to 
benzo-substituted six-membered heterocycles (Chapter 11)]. Hence, 1,3- 
azoles are more reactive than 1,2-azoles. This will be more true for com¬ 
pounds containing O and S rather than NH, because the differences in 
the a- and p-positional reactivities are greater for the former compounds. 

(4) Nitrogen will deactivate most strongly across bonds of high order. 

Application of these principles permits prediction of the relative posi¬ 
tional reactivities of the azoles as shown in Scheme 7.15. For X = NH(R) 
the orders 8 > 9 and 11 > 12 may be reversed. 

The positional reactivity order in thiazole has been calculated to be 5 


3 «—N j 1 jc—N N—a 12 N—N r .—a 11 N—N N—a 14 

-O* .o ’O -O «< y o 13< y <3 


Scheme 7.15. Predicted positional reactivity order for azoles (1 = 


reactive). 
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TABLE 7.7 

t r Densities for Azoles Containing a Nitrogen <or Oxygen* at the 1-Position 


Position 


Position of heteroatoms 2 3 4 5 


1.3 

1,2 

1.2.3 

1.2.4 

1.2.5 

1.3.5 


1.012 (.944) 


.995 (.939) 


.917 (.907) 

.856 (.828) 
.973 (.924) 


1.006 (.994) 
1.090(1.063) 
.987 (.982) 

.973 (.924) 


1.142 (1.106) 
1.041 (.986) 
1.055 (1.003) 
.936 (.856) 

.995 (.939) 


> 4 > 2 (69BSF1149) and a plot of the -it densities against the log rates of 
pyrolysis of l-(thiazolyl)ethyl acetates is linear. The reactivity order for 
1,2,5-diazoles from 77-density measurements is oxadiazole > selenadia- 
zole > thiadiazole (73CHE133I); the effects of substituents in 1,2,4-tri- 
azole have also been calculated (71CHE377). 

Tr-Density measurements for imidazole (I) and pyrazole (P) have indi¬ 
cated the reactivity order 4-P > 4-1 > 5-1 > 3-P > 5-P > 2-1 > 5-( 1,2,4- 
triazole) >3-( 1,2,4-triazole); these have been partially confirmed by local¬ 
ization energies (55AJC100; 66CHE413, 66T835). The order appears to 
be wrong, however, and more reasonable are the tt densities calculated 
by the Pariser-Parr-Pople-self-consistent-field (PPP-SCF) method (Table 
7.7, which also includes values for the oxygen analogues). The order for 
pyrazole and imidazole here is 5-1 > 4-P > 5-P > 2-1 > 4-1 > 3-P > 5- 
(1,2,4-triazole) > 3-( 1,2,4-triazole). The order for oxygen compounds is 
closely similar, except that the 4-position of oxazole is predicted to be 
relatively more reactive (70BCJ3344). 

Finally, tt densities have been calculated for pyrazole by the CNDO/2 
method [70JCS(B)1692], the values being different again from those given 
above, but the correct order, namely. 4 > 5 > 3, is predicted. Methyl at 
the 3-position raised the density at the 4-position less than did methyl at 
position 5, consistent with the expected effect of bond fixation, However, 
methyl at positions 3 or 5 was predicted to lower the density at the corres¬ 
ponding meta-position, which is anomalous. For the pyrazole cation, the 
tt densities predicted a lower reactivity, the positional order being 4 > 5 
= 3. 
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Chapter 8 


Polycyclic Heteroaromatics Containing a Five- 
Membered Ring 

1. General Introduction 

This group constitutes a virtually infinite class of heteroaromatic ring 
systems. However, relatively few of the parent compounds have yet been 
made, and fewer still have had their quantitative (or indeed qualitative) 
reactivities measured. The compounds described in this chapter are sub¬ 
divided as follows: Section 2, compounds with one five- and one six- 
membered ring; Section 3, compounds with one five and two six-mem- 
bered rings; Section 4, compounds with two five- and one six-membered 
rings; Section 5, compounds with two five-membered rings; and Section 
6, compounds with three or more five-membered rings. 

Higher homologues in each of these categories are possible, and in a 
few cases such compounds have been made, but there do not appear to 
be any quantitative reactivity studies as yet. Each category is subdivided 
according to the number of heteroatoms present. 


2. Compounds with One Five- and One Six-Membered Ring 

This is the class of compounds in this chapter with the most data avail¬ 
able, and consists of benzo[/>] compounds (8.1), the benzole] isomers 
(8.2), and a unique nitrogen-containing compound, indolizine (8.3). The 



(8 I) 


Co Co 

(8 3) 


benzoic] compounds are nonbenzenoid in the six-membered ring, and are 
therefore much less stable than the benzo[6] isomers; indeed, there are 
virtually no quantitative reactivity data. Like indolizine, they possess a 
very unusual property of developing benzenoid character on going to the 
transition state, which makes them highly reactive, and this is discussed 
below. 
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A. Molecules Containing One Heteroatom: 

Benzo [b\ furan , Benzo[6]thiophene , 
Benzo[6]selenophene, Benzo[6]tellurophene, 
and Indole 

a. Positional Reactivity Order 

Fusion of a benzene ring onto a five-membered heterocycle produces 
a change in the positional reactivity order associated with the latter. In 
the single-ring, five-membered heterocycles, 2-substitution is favored 
over 3-substitution. This can be explained in valence-bond terminology 
as due to there being three canonicals for the transition state for the for¬ 
mer, and only two for the latter (see Chapter 6, Section 10.A). 

For the benzo homologues, the corresponding canonicals are shown in 
Scheme 8.1. Although here 2-substitution is also favored numerically, 
there is an additional and more important factor: Both canonicals for 3- 
substitution are benzenoid whereas only one of those for 2-substitution is 
benzenoid. In contrast, therefore, to the situation in the parent heterocy¬ 
cle, the 3-position is usually (but not always) the most reactive site. The 
actual result depends upon the inductive effect of X and its importance 
in a particular reaction. Thus, both benzo[6]furan and benzo[&]thiophene 
give the reactivity order 3 > 2 in reactions with transition states near to 
the ground state, for which conjugative effects are relatively unimportant, 
and the inductive effect preferentially deactivates the 2-position; this is 
particularly noticeable for benzo[6]furan due to the greater -/ effect of 
oxygen. For reactions with transition states nearer to the Wheland inter¬ 
mediate, conjugative effects become more important, and the 2-position 
becomes more reactive for benzo[£>]furan, and about equally reactive 


2 - substitution : 



Scheme 8.1. Canonical forms for the transition state for 2- and 3-substitution of benzo[fe] 
compounds. 
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with the 3-position for benzo[Z>]thiophene [82JCS(P2) 1489]. For benzo- 
[6]furan, ir-electron densities, which are appropriate for reactions with 
transition states near to the ground state, predict the order 3 > 2, whereas 
localization energies, appropriate for Wheland intermediate-like transi¬ 
tion states, predict the order 2 > 3. This was originally considered anoma¬ 
lous (70BSF1483) but can now be seen to be normal and expected. A 
similar trend in reactivity order with nature of the transition state is found 
for benzo[6]thiophene [82JCS(P2)1489], Other calculations (extended 
Huckel theory, and CNDO/2) give the order 3 > 2 for indole and 2 > 
3 for benzo[6]furan, but again suffer from the inability to consider the 
transition-state structure (68IJQ165). 

Additional information may be deduced from Scheme 8.1. The canoni¬ 
cal for 2-substitution with the positive charge located on the heteroatom 
involves disruption of the aromaticity of the benzenoid ring. Conse¬ 
quently, the reactivity of the 2-position of the benzo homologues should 
be less than that of the 2-position of the parent heterocycle and this is 
true in every case. By contrast, the canonical for 3-substitution with the 
charge delocalized to the heteroatom does not disrupt the aromaticity of 
the benzenoid ring, and less resonance energy is lost than in the monocy¬ 
clic series. Hence the 3-position of the benzo homologues should be more 
reactive than that of the 3-position of the parent heterocycle and this is 
also true. 

The heteroatom can also conjugate with each position in the benzene 
ring. However, direct conjugation (to the 5- and 7-positions, as in Whe¬ 
land intermediates 8.4 and 8.5) should be more favourable than indirect 



(8 4) (8 5) 


conjugation (to the 4- and 6-position, as in 8.6 and 8.7) because there is 
less interruption of bond fixation in the five-membered ring. An additional 
factor is that structures 8.4 and 8.7 are p-quinonoid and therefore more 
stable than 8.5 and 8.6. The overall balance of these factors is that the 



(8 6) (8 7) 
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positional reactivity order in benzo[l>]thiophene (the only molecule for 
which it has been determined) is 6 > 5 > 4 > 7, and positions may be 
activated or deactivated [78JCS(P2)1053; 82JCS(P2)1489], The reactivity 
order is correctly predicted by ir-electron densities (Hiickel) but not by 
localization energies, which give the order 4 > 7 > 6 > 5 [82JCS(P2) 1489]; 
this is discussed further in Section 2.A.C. 

For benzo[6]furan and indole no such precise data are available, but it 
is possible to adduce some information from the various reactions de¬ 
scribed below. The positional reactivity orders for these molecules and 
also for benzo[6]thiophene, which have been calculated by various meth¬ 
ods, are given in Table 8.1. In principle the ab initio calculations should 
be the more reliable, but neither the it nor the (<r + tt) order is correct 
for benzo[6]thiophene, suggesting that these are incorrect for the other 
molecules also. The calculations using the STO-3G basis set certainly 
wrongly predict the site of most rapid protonation. Notably, only the 
Hiickel calculations give the correct order for benzo[6]thiophene and 
indeed they are usually the most reliable indicators for electrophilic aro¬ 
matic substitution. 

There are no quantitative data on the transmission of substitutent ef¬ 
fects between the two rings, though there are some data, described be¬ 
low, on the directing effects of substituents. Activating substituents at the 
2-position direct to the 3-position and vice versa, and likewise there is 
mutual activation between the 4- and 7-positions. Similarly, strongly acti¬ 
vating substituents at the 5- or 6-positions activate the corresponding or¬ 
tho 4- and 7-positions, respectively; the effects across the 5,6-positions 
are expected to be weaker because of bond fixation. All these effects are 
straightforward and predictable, and only a few data are given. Ab initio 
(STO-3G) calculations predict that the positional order of protonation 
(and hence of electrophilic substitution) of 2-methylindole should be 3 > 
4 > 5 > 6 > 7 > 2 and for 3-methylindole 3>4>5>6>2>7 (82T3693); 
the low reactivity of the 2-position in the latter seems rather unlikely. 

Lastly, the 2- versus 3-positional reactivity order for benzo[6]thio- 
phene appears to be affected by steric hindrance from the sulfur d orbitals 
[82JCS(P2) 1489], and this is discussed in detail in Section 2.A.C. For in¬ 
doles it has been proposed that 2-substitution may take place by initial 
attachment of the electrophile to the 3-position, followed by migration 
(69T227). 

b. Reactions 

i. Acid-Catalyzed Hydrogen Exchange. Partial rate factors 
for detritiation of benzo[/?]thiophene in trifluoroacetic acid at 70°C (cor- 



TABLE 8.1 


Calculated Positional Reactivity Orders for Benzo[/j]furan, BenzoIMthiophene, and Indolf. 


Heteroatom 

Positional Order 



Method 

Reference 

O 

3>7>2>5>6>4 



n-SCF 

70BSFI483 

O 

2>4>6>7>5>3 



LE-SCF 

70BSF1483 

O 

3>7>5>4>6>2 



n-CNDO/2 

70BSF1483 

O 

3>7>5>2>4>6 



(it + ttI-CNDO/2 

70BSF1483 

O 

2>6s=3>4>5>7 



(it + ir)-CNDO/2 

75JCS(P2)366 

O 

3>7>5>6>4>2 



n-Hiickel 

70BSF1483 

O 

2>3>6>4>7>5 



LE-Hiickel 

70BSF1483 

O 

2>3>7>5>4>6 



■n-ab initio (LCGO) 

74JCS(P2)I893 

O 

3>5>7>6>4>2 



(ct + n)-ab initio (LCGO) 

74JCS(P2)I893 

NH 

N>3>7&2>5>6 

> 

4 

■n-ab initio (LCGO) 

74JCS(P2)I893 

NH 

N >3>7>5>6>4 

> 

2 

(o- + n)-ab initio (LCGO) 

74JCS(P2)I893 

NH 

N>3>4>5>6>7 

> 

2 

YSP charge densities ab initio (STO-3G) 

82T3693 

NH 

N>3>2>5>6>7 

> 

4 

ir-Hiickel 

66PMH142 

NH 

N>3>2>7>5>6 

> 

4 

SCF 

64CA(60)15718d 

NH 

N>3>2>7>5>6 

> 

4 

VESCF 

59AJCI52 

S 

2>3>7>5>6>4 



■n-ab initio (LCGO) 

74JCS(P2)1893 

S 

2>3>5>6>7>4 



(ct + ■n)-ab initio (LCGO) 

74JCS(P2)I893 

S 

3>2>6>5>4>7 



ir-Hiickel 

82JCS(P2)I489 

S 

3>2>4>7>6>5 



LE-Hiickel 

82JCS(P2)I489 
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360 1.18X10* 


Scheme 8.2. Partial rate factors for detritiation of benzo[/>lthiophene in trifluoroacetic 
acid at 70°C. "Due to a numerical error, a larger value is given in the original paper. 


rected for hydrogen bonding, which sulfur-containing heterocycles un¬ 
dergo in this and probably all other strong acids) have been determined 
as shown in Scheme 8.2; the derived a + values are given in Scheme 8.3 
[72JCS(P2)97; 82JCS(P2)1489], Under the same conditions, f 2 for thio¬ 
phene is 9.75 x 10 7 with ct + = -0.913. The positional reactivity order 
is correctly predicted by tt densities, but not by localization energies and 
this contrasts with thiophene, thienothiophene, dithienothiophenes, and 
dithienobenzenes for which the latter reactivity indices are more satisfac¬ 
tory. The significance of the a + values is discussed in Section 2.A.c. 

For benzo[b]furan, detritiation in trifluoroacetic acid at 70°C gave f 2 = 
17,000, hence ct + = -0.48 [62JCS2382;72JCS(P2)97], This value was not 
corrected for hydrogen bonding of the heterocyclic oxygen with the sol¬ 
vent and it is probable that/ 2 could be 20% higher, with <r + s -0.50. 
Nevertheless, the 2-position is quite clearly less reactive than the 2-posi¬ 
tion of benzo[b]thiophene. 

For indole there have been a number of studies. Rate coefficients for 
deuteriation of the 3-position in D 2 0/dioxan at 50°C are given in Table 8.2 
(71T4171). Of interest here is the very high reactivity; however, the reac¬ 
tion cannot be taking place on the anion as 1-substituted compounds are 
included. 

Rates of dedeuteriation and detritiation of 5-substituted, 3-labeled 
(deuteriated and/or tritiated) indoles have been determined in both aque¬ 
ous mineral acid and in acetic acid [72JCS(P2> 1618]. Substituent effects 
in both series were similar [slightly larger for dedeuteriation, which is a 


Scheme 8.3. Values of tr + for detritiation of benzolt>]thiophene in trifluoroacetic acid at 
70°C. "Due to a numerical error, a larger value is given in the original paper [72JCS(P2)97; 
82JCS(P2) 1489). 
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TABLE 8.2 

Rate Coefficients for Deuteration of the 3-Position 
of Indoles” 





Substituent 



H 

l-Me 

2-Me 

1,2-Me 2 

10 7 k (sec ') 

2.0 

2.5 

29 

50 

/ 

1 

1.25 

14.5 

25 


"In DjO/dioxan at 50°C (7IT4171). 


more selective reaction (70AK89)]; the substituent effects for detritiation 
at 25°C are given in Table 8.3. Exchange rates were 10 3 slower in acetic 
acid and the spread of partial rate factors is larger (larger p factors). Val¬ 
ues for are much higher for both media than that in Table 8.2, which 
suggests that the exchange mechanism is different. Under both condi¬ 
tions, o-methyl activates less than the 220-fold activation which it pro¬ 
duces in benzene (61JCS2388). 

The Brdnsted coefficients were 0.67 and 0.75 for exchange with H 3 0 + 
and HOAc, respectively, and the isotopic rate ratios were consistent with 
the A-S e 2 mechanism, in which the proton is half-transferred in the transi¬ 
tion state [72JCS(P2)1116]. However, the ratios of the second-order rate 
coefficients for exchange (k H 2 /k°) appeared to vary systematically with nei¬ 
ther the reactivity of the acid nor that of the aromatic, but this conclusion 
must be tempered with the fact that the ratios are accurate to only —10%. 
More importantly, it was argued that Ap K (pA subs , rate - pA' catalyst ) showed 
no maximum when plotted against k*l/k °, in contrast to previous findings 
[72MI2(217)], whereas one would expect that this kinetic isotope effect 
should be a function of the position in the transition state of the hydrogen 


TABLE 8.3 

Partial Rate Factors” for Detritiation of 3- 
Tritioindoles in Mineral Acid or Acetic ActD 




Substituent 



H 

2-Me 5-OMe 

5-CN 

y(H,o + > 

1 

81.6 2.28 

0.011 

/(HOAc) 

l fc 

159 2.81 

0.09 


"Relative to indole. 
b k = 4340 x 10" 7 sec -1 . 



8. HETEROAROMATICS WITH A FIVE-MEMBERED RING [Sec. 2.A 


atom being transferred (and therefore a maximum when a = 0.5) 
(61JA2154; 64PAC217). 

A possible cause of the discrepancy may lie in the assumption that the 
most (kinetically) basic site in indole is the 3-position and not nitrogen. 
Indeed, it had been shown earlier that either site may be the more basic, 
depending upon the proton-donating acid (62JA2534). It is, of course, a 
requirement for correlation of isotope effect with Ap/C that exchange take 
place at the most basic site. For the 5-substituted indoles, the basicity of 
nitrogen is substantially affected by these substituents, which are directly 
conjugated with it. The same is unlikely to be true for the 3-position 
(which is not conjugated with the 5-position), and indeed early work has 
shown that exchange at nitrogen was faster than at C-3 (38BCJ307, 
38BCJ643; 39BCJ453). In D 2 0/dioxan, 3-methylindole underwent deuter- 
iation at nitrogen with k = 1330 x 1(T 7 sec -1 at 22°C, which is equivalent 
to —10,000 x 10 -7 sec -1 at 50°C (62JA2534). Comparison with the data 
in Table 8.2 shows that NH exchange is very much faster than CH ex¬ 
change, and this has been confirmed for exchange in trichloroacetic acid 
at 25°C. The rates relative to exchange at C-3 in pyrrole (= 1) are pyrrole 
C-2 (2.7), pyrrole N (15), indole C-3 (12), indole N (1000) [76JCS(P2)388]. 
These results show that the C-2 : C-3 rate ratio for pyrrole is higher (2.7) 
than in indole (1.6) for exchange under similar conditions (71CC42I). 
They also indicate that nitrogen is the most basic site in both molecules, 
and that the ab initio calculations (Table 8.1) are unsatisfactory. In aque¬ 
ous TFA, tryptophan [2-amino-3-(3-indolyl)propanoic acid] (protonated 
at both nitrogens) underwent exchange more rapidly at the 2- and 6- than 
at the 4-, 5-, and 7-positions (67ACS1674). 

Exchange has also been studied under conditions that are basic but 
do not involve the usual base-catalyzed mechanism of deprotonation. In 
indole, a proton is removed from nitrogen in a fast step, and the anion 
(with the charge delocalized to the 3-position) undergoes rapid, but rate¬ 
determining, proton addition by abstraction from the weak acid water 
(62JA2534; 63JA2524). This mechanism was indicated by the observation 
that detritiation of 3-T-2-methylindole is faster than 3-T-l,2-dimethylin- 
dole (which cannot form the reactive anion) (63JA2524), and is confirmed 
by substituents acting in the normal manner for an S E 2 reaction (Table 
8.4) [72J(P2) till, 72JCS(P2)1625]. The very high reactivity of the anion 
is revealed by the small activating effect of the o-methyl group (cf. the 
much larger values in Table 8.3 for the neutral molecule). 5-Nitro is nota¬ 
bly more deactivating than 6-nitro: Neither can conjugate directly with 
the 3-position, but the 5-nitro group can conjugate with nitrogen, thus 
affecting the reactivity of the 3-position by a secondary effect. 
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TABLE 8.4 

Exchange Rate Coefficients and 
Partial Rate Factors for 
Detritiation of Indoles under Basic 
Conditions at 25°C 


Substituent 

10’ k (sec ') 

r 

H 

1.78 

i 

2-Me 

45.4 

25.5 

5-NO, 

0.785 

0.44 

5-CN 

1.25 

0.70 

5-Br 

2.34 

1.31 

6-NO, 

1.32 

0.74 

2-Me-5-N0 2 

27.0 

15.2 


The canonicals for these interactions are given in structures 8.8 and 

8.9, respectively. The former is of lower energy because there is less bond 
reorganization required between 8.8 and the ground state compared to 

8.9. The substitutent activation (or deactivation factors A ( [79JCS(P2)381] 
for 8.8 and 8.9 are 30 and 20, respectively. The observed partial rate fac¬ 
tors then follow since a larger value of A r predicts a larger substituent 
effect. 



0- 



\ (8-9) 


o- 


ii. Base-Catalyzed Hydrogen Exchange. Rates of base-cata¬ 
lyzed exchange are governed by inductive effects, rather than by stabilit¬ 
ies of structures such as those shown in Scheme 8.1. Consequently, as in 
the five-membered heterocycles, the benzo analogues are also more reac¬ 
tive at the 2- than at the 3-position. The exchange rates have been claimed 
to be governed by the equation log £(140 °C) = —9.5 + 8.2 ct, (69MI2). 
However, this seems to be inconsistent with the observation that benzo¬ 
yl thiophene is more reactive than benzo[b]furan by a factor of 4 (69MI2; 
77JHC95) (cf. 500 for the sulfur/oxygen ratio in the five-membered hetero- 
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cycles). The higher reactivity of the sulfur-containing compounds has in 
each case been attributed to stabilization of the intermediate carbanion 
by (p —* d) 7r-e]ectron withdrawal by sulfur. Any such an effect must 
operate indirectly, because the carbanion is generated in a ct orbital or¬ 
thogonal to the p orbital of the aromatic ring [72MI2(271)]. 

The 2-position of benzo[b]thiophene is four times as reactive in 
dedeuteriation as the 2-position of thiophene, and the corresponding reac¬ 
tivity difference for the 3-positions (under different conditions) is 65-fold 
(71JGU1945). Since the reactivity difference between the 2- and 3-posi¬ 
tions of thiophene is 2.5 x 10 s (Chapter 6, Section 2. A), the 2-position of 
benzo[b]thiophene is more reactive than the 3-position by a factor of 1.54 
X I0 4 (which is — 15-fold less than the factor in thiophene). 

The above relative rates of deuterium exchange at the 2-positions of 
benzo[>]furan and benzo[b]thiophene were confirmed by Attanasi et al. 
[79PS(5)305], who also found benzo[6]selenophene to be less reactive 
than benzo]b]thiophene, the relative exchange rates for different hetero¬ 
atoms being Se (1.0), O (2), S (7). However, in the corresponding benzo- 
azoles, the relative reactivities at the 2-positions for different heteroatoms 
were S (1.0), Se (4), O (20) [79PS(5)305]. Possible reasons for these latter 
differences are considered in Section 2.C. 

iii. Nitration and Nitrosation. Nitration is not very sterically 
hindered, so the positions of substitution in this reaction ought, in princi¬ 
ple, to give a fairly accurate indication of the most reactive sites toward 
electrophilic substitution. However, in some cases the position of substi¬ 
tution is dependent upon the reaction conditions for reasons that are not 
entirely clear, though the incursion of nitrosation is a strong possibility. 

Benzo[b]furan nitrates in the 2-position (mainly) and in the 5-position 
[1900LA(312)237; 02CB1633; 12CB1596], a positional reactivity order 
that calculations (Table 8.1) comprehensively fail to predict. Evidence 
from substituted benzo[b]furans (8,10-8.16) suggests that the reactivity of 
the 6-position may be very close to that of the 5-position [64CA(60)493d; 
65AC(R)1028, 65BSF1466; 70BSF1029; 73CA(79)105183; 83CJC2287], In 
these compounds the 6-position in the benzenoid ring is the most reactive 
(though 8.13 chloromethylates in the 5-position), but this may be due to 
activation by the electron-supplying groups in the 2-position that are con¬ 
jugated with it. By contrast, electron-supplying groups in the 3-position 
can conjugate with neither the 5- nor the 6-position. That the preference 
for 5-nitration of 2-acetylbenzo[i>]furan (8.17) is only slight (70BSF1029; 
83CJC2287) seems anomalous because here the 6-position should be con- 
jugatively deactivated. 
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(8 13) Me i-Pr 


(8 14) (8 15) 


X 



(8 16 X= CHO, COMe, 

COEt, COPh, CM) (8 17) 


Orientations and yields in nitration. 


Nitration of benzo[6]thiophene occurs mainly at the 3-position, further 
nitration going into the benzene ring giving the positional reactivity order 
(for nitration in acetic acid/acetic anhydride) 4 > 7 > 6 > 5 (with none of 
the 3,5-dinitro isomer being formed) [69JCS(C)1766]; with nitric acid in 
acetic acid, the positional order for mononitration is 3 > 4 > 6 (68JHC69). 
The reactivity order in the benzene ring is at variance with the known 
positional order 6 > 5 > 4 > 7 established both via hydrogen-exchange 
(Section 2.A.b.i) and side-chain carbocation reactions (Section 2.A.c). 
The probability that nitration through nitrosation is partially responsible 
is reinforced by results for indole described below, and it is notable that 
some isomer distributions in nitration of benzo[6]thiophenes vary widely 
with conditions. There appears to be a need to repeat some of this work 
in the presence of effective nitrous acid traps. 
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A substantial amount of work provides information on interactions be¬ 
tween a substituent in one ring and reaction in the other. These interac¬ 
tions are different for benzol/>]thiophene compared to benzo[6]furan or 
indole because the availability of canonicals involving tetravalent sulfur 
(8.18, 8.19) means that conjugative effects may be relayed between the 3- 
and the 5- or 7-positions, the 3,5-interaction being the more effective. 



(8 18) (8 19) 


Strongly activating substituents in the benzenoid ring (as in 8.20) can 
cause exclusive nitration (and bromination and acylation) in that ring 
[73J(P 1)623, 73J(P1)1196]]. This result may be contrasted with that for 
8.21, which gives both 7- and 2-substitution [78JCR(S) 10]. Both the 4- 
and 6-positions are conjugated with the 2-position but the substituent in¬ 
teraction factor A s [79JCS(P2)381] is higher (12) for the 6,2-interaction 
(8.21) than that (6) for the 4,2-interaction that would apply in (8.20). 
Hence, 2-substitution is observed in 8.21 and not in 8.20. Conjugation 
between the 6- and 2-positions also accounts for 50% of the overall nitro 
product from 8.22 being the 2-derivative [78JCR(S) 10]. Nitration (and 
also bromination and acylation) of 8.23 gave only 5- and 7-derivatives 
[73JCS(P1)1196], whereas some 2-substitution could have been expected, 
at least for the less hindered nitration, since the 4- and 2-positions are 
conjugated. It is possible that reaction occurs here via the phenate anion, 
which would very strongly activate the benzenoid ring to the exclusion 
of substitution elsewhere. This suggestions seems to be supported by the 
relative positional yields for 8.24 [73JCS(P 1)623], 


OMe 



(8-20) (8 21, X=NHAc,0H) 



Orientations and yields in nitration. 



t 

(8-23) 
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Nitration of 5-acetylamino- or 5-hydroxybenzo[b]thiophene provides 
an interesting comparison to 8.21 in that 70 and 40% yields, respectively, 
of the 4-nitro derivatives are obtained (55JA5939; 60JCS938). This shows 
clearly the effect of bond fixation, so that, of the positions ortho to the 5- 
substituent, the 4-position is activated more strongly because of the 
higher order of the 4,5-bond compared to the 5,6-bond. An interesting 
comparison to 8.22 is the nitration only in the 3-position of 7-methyl- 
benzo[b]thiophene (65NKZ853); here the substituent cannot conjugate 
with the 2-position. One would certainly have expected some 6-nitro de¬ 
rivative as well, and its absence is probably an analytical omission. 

Structures such as 8.18 and 8.19 must have real significance, as shown 
by the positional yields in nitration of 3-nitrobenzo[/>]thiophene (8.25) 
(68MI5) and of 3-acetylbenzo[b]thiophene (8.26) [70JCS(C)933], though it 



(8 24) (8-25) 


3 4 %, 25 %/ C0CH o3 

i 3%,33 % 3% 

26%,37%^ > >-'S' 

4”/ 0 ,5% 

(8-26,HN0 3 /Acp or KNO/H-^O^ 

Orientations and yields in nitration. 

is less certain in the latter case because of the change in yield with condi¬ 
tions. Such differences, also evident in 8.27-8.29 [69JCS(C)2755; 
71J(C)3405], are most probably due at least in part to the incursion of 
nitrosation, which may also account for the positional order in nitration 
of 3-nitrobenzo[6]thiophene being given as6>5>4>7 [69JCS(C) 1766]. 

An interesting result is the high yield of the 2-nitro derivative in nitra¬ 
tion of 8.30 (68JHC69). Evidently the high order of the 2,3-bond facilitates 
the +M effect of bromine rather than its -/ effect, so that there is little 
deactivation of the 2-position by the 3-bromo substituent. 
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11-16* 


21-27% 

): 

12-26% 


3-16% 
\^-COOH 
S 2-4% 


19^9 


(8 27) 


(8 29) 



Orientations and yields in nitration. 


Ipso substitution of bromine accompanied nitration of 8.31, 8.32, and 

8.33 [70JCS(C)1949; 71JCS(C)3052; 72JCS(P 1)265]; in the latter two com¬ 
pounds, the displaced bromine substituted into starting material to give 

8.34 and 8.35, respectively. The yields of 6- versus 4-product in 8.33 com¬ 
pared to 8.32, and 8.35 compared to 8.34, again demonstrate the higher 
order of the 4,5- versus the 5,6-bond. Ipso substitution also occurred in 
nitration of 8.36, and side-chain substitution and oxidation of the 2-methyl 
group (15%) accompanied nitration of 8.37 [72JCS(P1)265]. Lastly, 
protiodebutylation (10%) accompanied nitration and nitrodebutylation of 
8.38 (yield varied with conditions), and the 2-carboxylic acid then nitrated 
in the 4- (0.5-3%), 6- (4-9%), and 7-position (the yield of the 7-isomer 
could not be determined because it could not be resolved from the 3- 
butyl-4-nitro-2-carboxylic acid). Nitrodecarboxylation and protiodebuty¬ 
lation also produced some 2-nitrobenzo[/>]thiophene [72JCS(P1)414], Iso¬ 
mer yields for other benzo[6]thiophenes, but which do not lead to useful 
reactivity order information, are given in an excellent review by Iddon 
and Scrowston [70AHC(11)177], 

Nitration of indole by benzoyl nitrate gives 3-nitroindole (35%) 
[68JCS(C)2145]. Nitration of some alkyl-substituted indoles by nitric acid/ 
sulfuric acid (63JOC2262; 79JOU528) takes place upon the protonated 
species, and in such cases the rates pass through a maximum at 90% sul¬ 
furic acid in the usual way. 2-Methyl-, 1,2-dimethyl-, 2-r-butyl-, and 2,3- 
dimethylindole are each nitrated at the 5-position, the former two com¬ 
pounds in 84 and 82% yield, respectively, the latter two compounds at 
similar rates. This rate similarity suggests that in the protonated species 
the 5-position is much the most reactive of the benzenoid ring positions. 
In the protonated species it is probably the 3-position that has become 



Sec. 2.A] ONE FIVE- AND ONE S1X-MEMBERED RING COMPOUNDS 


195 




(8 33) 



Y (8 34; X=Br,Y = H,3%, 
X=H.Y = Br,25%) 



(8 35,X=Br,Y=H,7% 
X=H,Y=Br,20%) 



(8 36) (8 37) 


7-26% 

(8 38) 


Orientations and yields in nitration. 


protonated, and hence there is no 3-substitution. Moreover, 2-alkyl 
groups cannot conjugate with the 5-position, which agrees with the simi¬ 
larity of rates for 2-r-butyl- and 2,3-dimethylindole. 5-Methoxy-l,2-di- 
methylindole is nitrated 10 3 times faster than 1,2-dimethylindole, with 
substitution occurring at the 6-position. Since the 4-position would (as a 
result of bond fixation) be more activated by 5-OMe than the 6-position, 
this suggests a positional reactivity order of 5 > 6 > 4. Nitration of 7- 
methoxy-2,3-dimethylindole (and the /V-methyl derivative) also involved 
the protonated species and took place at the 6-position (74CHE930). The 
high 6,7-bond order should make activation of the 6-position comparable 
to that of the 4-position, so the preferred 6-substitution again suggests the 
reactivity order proposed above. 

The species involved in nitration of 2-methylindole with excess concen¬ 
trated nitric acid is not known, but is probably the free base after the 
entry of the first nitro group. The final product is 2-methyl-3,4,6-trinitroin- 
dole and a variety of intermediate mono- and dinitro compounds can be 
obtained; nitrodeacylation can also be used (65JOC3457) (Scheme 8.4). 
These results again show that electron-supplying substituents in the 2- 
position preferentially activate the 6-position. Evidence that these results 
relate to free base nitration comes from nitration of compounds 8.39-8.42 
in nitric acid/sulfuric acid (65T1923). The conjugate acid is most probably 




Scheme 8.4. Yields in nitration of methylindoles by nitric acid (65JOC3457). 
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CHO 



Me 


( 8.41 ) 


o 

coch 3 


involved here, which would explain the difference in the nitration pattern 
for 3-formyl-2-methylindole (8.40) (cf. Scheme 8.4). The 6-position is the 
preferred site of nitration by nitric acid of indoles with electron-withdraw- 
ing groups in the 3-position (8.42, 8.43). The 5-position reacts in 8.44, and 
this may involve the conjugate acid as the reaction was carried out in 
concentrated sulfuric acid (66JOC70). 

Clear evidence that indoles may undergo nitration as the free base or 
conjugate acid comes from nitration of 2,3-diphenylindole (65T823). Ni¬ 
tration by nitric acid in acetic acid involves the free base and gives the 6- 
nitro derivative. By contrast, nitric acid in sulfuric acid gave initial substi¬ 
tution at the para position of the 3-phenyl ring (this position is conjugated 
with nitrogen), and further substitution went into the 5-position (as noted 
for other protonated species implicated or postulated above). These re¬ 
sults indicate that the benzenoid ring in the 2,3-diphenylindole free base 
is more reactive than the 3-phenyl substituent, whereas in the protonated 
species the reverse applies. Similar results were obtained with 2-methyl- 
3-phenylindole. However, 3-methyl-2-phenylindole is nitrated (in sulfuric 
acid) in the 5-position (80%); the 2-phenyl ring is deactivated by conjuga¬ 
tion in the conjugate acid so no substitution occurs in this. 

Nitration of 2-phenyl-3-substituted indoles at the 3-position indicated a 
possible role that nitrosation may play in governing the isomer distribu¬ 
tion [81JCS(P2)628], The 3-substituents were mostly electron withdraw¬ 
ing, so reaction probably occurred on the free base. Their ease of removal 
(71CHE1401) followed the order CH 2 OH > N 2 Ph > COCH 3 > CHO > 
COOEt [71 CHE 1401; 81JCS(P2)628], and in addition to 3-nitro-2-phenyl- 
indole, 3,4- and 3,6-dinitroindoles were obtained; this follows from the 
fact that both 2-phenyl and the nitrogen activate the 4- and 6-positions. 
Nitration of 3-nitro-2-phenylindole gave 81% of 3,6-dinitroindole. Nitra¬ 
tion of 3-nitroso-2-phenylindole gave the 3,5-dinitro derivative, believed 
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to be formed through nitration at the 5-position of the Wheland intermedi¬ 
ate (i.e., the protonated species 8.45). The dominant tautomeric forms of 
the conjugate acids of substituted indole are protonated at the 3-position 
and so there seems to be general consistency in that the conjugate acid 
nitrates in the 5- and the free base in the 6-position. Nitrosation at the 3- 
position of 2-phenyl-3-substituted indoles also gave 3-nitro derivatives 
with, in reaction with 3-benzyl-2-phenylindole, nitro(so) substitution in 
the benzenoid ring [84JCS(P2)165], 



R 

(8 45,R=H,alkyl) 


Second-order rate coefficients 10 2 x k 2 have been determined for nitro¬ 
sation at the 3-position at 0°C (by rate-limiting attack of nitrousacidium 
ion) of the following substituted indoles: 2-Ph (390), 1,2-Me 2 (320), 2-Me 
(290), 2-Me-5-N0 2 (150), 5-CN (12.4), l-Me-5-N0 2 (7.0), 5-N0 2 (2.7) 
[73JCS(P2)918]. These data show the normal substituent effect features; 
for example, 1-Me activates -twofold and 2-Me activates -fivefold. The 
compounds are much more reactive than amines toward nitrosation, so 
the mechanism is believed to involve initial attack at nitrogen followed 
by rearrangement. Nitrosation can also take place under the same condi¬ 
tions via nitrous anhydride and nitrosyl chloride as electrophiles, and the 
rate-limiting step also depends upon the substituents. For the first four of 
substituted indoles listed in this paragraph, formation of the reagent or 
diffusion of the reagents is rate-limiting, whereas for the latter three, pro¬ 
ton loss is rate-limiting under certain conditions. 

iv. Halogenation. The ease with which these compounds un¬ 
dergo halogen addition is reflected in the halogenation of benzo [b]- 
furan and benzo[6]thiophene, and especially of the former, which being 
the less aromatic has the higher 2,3-bond order. Thus, bromination of 
benzo[6]furan and its 3-Me, 2-Me, and 2,3-Me 2 derivatives proceeds via 
trans-adduct formation, decomposition of which leads to 2-substitution 
for the former two compounds, 3-substitution for 2-methylbenzo[6]furan, 
and side-chain substitution (in either of the methyl groups) for 2,3-dimeth- 
ylbenzo[6]furan. A similar adduct is formed in chlorination of 2,3-dimeth- 
ylbenzo[6]thiophene [76JCS(P2)266]. 

In the chlorination of benzo[6]furan, both trans and cis adducts are 
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formed, presumably because there is less steric hindrance here to the for¬ 
mation of the cis adduct. Both adducts eliminated HC1 to give 3-chloro- 
benzo[6]furan, the cis adduct decomposing more rapidly (77JHC359), 
which follows from the required trans disposition of hydrogen and chlo¬ 
rine. Bromination (and acetylation) of 2-phenylbenzo[b]furan gave the 3- 
and 3,6-derivatives [64CA(60)15808e] (the 6-position is conjugated with 
the phenyl group) and likewise 2,3-diphenylbenzo[6]furan is brominated 
in the 6-position [66CA(65)5429e], Second- and third-order rate coeffi¬ 
cients for the 2-bromination of benzol6Jfurans are given in Table 8.5 
(74BCJ1267), and adduct formation occurred here also. The results for 
the methyl derivatives demonstrate very nicely the greater 2,6- versus 
2,5-conjugative interaction. The p factor (for the effects of 5-substituents) 
was -2.21, very close to that (-2.24) for bromination of styrenes, indi¬ 
cating that both reactions involve similar adducts. 

Since the 2- and 3-positions are the most reactive sites in benzo[b]thio- 
phene, it follows that chlorination gives 3-chloro- (69%), 2,3-dichloro- 
(28%), and 2-chlorobenzo[£]thiophene (3%) (relative yields) [51JA2614, 
51USP2571742; 55JCS1565; 66CJC2283; 68JCS(B)397]. Bromination 
gives a higher yield (92%) of the 3-derivative (67AJC313), with 3-: 2-prod- 
uct ratios of 77—91 : 1, [71JCS(B)79], which might be expected for a more 
selective reaction. Values of ct + for the 2- and 3-positions have been cal¬ 
culated as -0.61 and -0.77, respectively (molecular chlorination and 
bromination), and as -0.39 and -0.69, respectively (positive bromina¬ 
tion) [73JCS(P2) 1250]; these values are discussed further in Section 
2.A.C. 

The high selectivity of bromination may also account for the relative 
insensitivity of the site of reaction to existing substituents. Thus, 5-bro- 
mo- (65NKZ1067), 2-fluoro- (63JOC1420), 2-phenyl- (66JMC551), 2-meth- 
yl- (53JA3278; 66AJC1909), and 7-methylbenzo[6]thiophene (65NKZ853; 
66BSF3618) all undergo bromination at the 2-position. Likewise 3-meth- 
yl- (52JA2185), 3-bromo- (67NKZ755), and 7-chloro-3-methylbenzo[fc]thi- 

TABLE 8.5 

Rate Coefficients for Bromination of 
Benzo(/>]furans at the 2-Position 

Substituent 10’ k 2 (M 1 sec ') k,{M 2 sec' 1 ) 


H 0.64 3.6 

5- Me 2.96 35.9 

6- Me 8.28 616 

5-MeO 3.48 261 

5-CI 0.053 0.17 
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ophene [72JCS(P1)1404] are each brominated in the 3-position, the latter 
in 79% yield compared to 36% in nitration, which may again reflect the 
selectivity differences. Chlorination of 3-bromobenzo[6]thiophene also 
gave 2-substitution, and also ipso substitution, leading to all possible 
product combinations arising from bromination by the displaced bromine 
(73IJS233); the lower selectivity of chlorination compared to bromination 
is reflected in the 3-: 2-product ratio of 44 [71JCS(B)79]. 2,3-Dimethyl- 
benzo[fo]thiophene is brominated at the 6-position, as expected 
(66BSF3055), as is also 2,3-dibromo-5-methyl- (70%) and 2,3-dibromo- 
benzo[fo]thiophene (80%) [70JCS(C)1949]. The last results further confirm 
that the 6-position is the most reactive in the benzenoid ring, because the 
6-position should be more deactivated by the 2-bromine than the 5-posi¬ 
tion is by the 3-bromine. In the bromination of 2,3-dibromobenzo[^]thio- 
phene in silver sulfate/sulfuric acid (Br + electrophile), a small amount of 
the 4-bromo derivative was obtained though the expected 5-isomer was 
not reported [70JCS(C)1949]. Chlorination of 2,3-dimethylbenzo[b]thio- 
phene occurred in the 2-methyl group [68JCS(B)397]. In the side-chain 
substitution of the 2,3-dimethyl derivatives of the benzo[6] compounds, 
the electrophile enters the methyl group attached to the least reactive of 
the 2- or 3-position. Bromination of 8.21 went into the 2- and 7-positions, 
as in nitration [78JCR(S)10]. Iodination of benzo[6]thiophene goes only 
in the 3-position (52JA4950; 66CJC2283). 

Chlorination of indole with sodium hypochlorite can take place through 
an N-chloro intermediate, which rearranges with base to the 3-chloro 
product (78JOC2639). However, the generality of this mechanism for 
other halogenations has not been established. Indole is brominated 60% 
in the 3-position (54ZOB1265) and this can be raised to 88% using 2,4,4,6- 
tetrabromocyclohexa-2,5-dienone [72JCS(P1)2567] and to 96% with bro¬ 
mine in DMF. Similar yields were obtained with 1-Me-, 2-Me-, 2-Ph-, 
5-C1-, and 5-COCH 3 -substituted indoles (82S1096), and also in iodinations 
(82S1096). Bromination of 5-ethoxycarbonylindole also occurs exclu¬ 
sively at the 3-position, and as with benzo[6]thiophene, the high selectiv¬ 
ity of bromination tends to override substituent effects. If the 3-position 
is blocked, then bromination takes place at the 2-position. Yields for NBS 
bromination of 3-phenylindole were 98% (74T2123) and for indole with 3- 
CH 2 X substituents (X = electron-withdrawing group) yields were 85% 
(75CPB2990). Bromination of 2-methylindole with excess bromine gives 
the 3,6-dibromo product [76CI(M)220], substitution in the 6-position be¬ 
ing expected as a result of conjugation with the methyl group. 

Evidence from bromination suggests that the 5- and 6-positions are 
close in reactivity. For example, if both 2- and 3-positions are blocked as 
in 8.46, in which X and Y are electron-supplying groups, then substitution 




Sec. 2.A] ONE FIVE- AND ONE S1X-MEMBERED RING COMPOUNDS 


201 


goes into the 6-position. However, if X is a donor and Y is an acceptor, 
then substitution goes into the 5-position [81CA(94) 156679], the 6-posi¬ 
tion being conjugatively deactivated; this switch in order suggests that 
the 5- and 6-positional reactivities cannot be too dissimilar in the first 
place. Moreover, if X and Y are both only alkyl groups, then bromination 
occurs in the 5-position (71CHE1406), as does nitration. Again, a small 
change in the relative electron-supplying abilities of X and Y is sufficient 
to bring about this switch in orientation. This is also shown by the bromi¬ 
nation of 8.47, in which the 7-alkyl group is sufficient to switch the pre¬ 
ferred substitution site back to the 6-position (71 CHE 1406). 



(8 46) (8 47, R-R"= alkyl) 


lodination of indole, 2-methylindole, and the corresponding 1,3-D, de¬ 
rivatives have shown the kinetic isotope effects k H /k D to be 2 and 3, re¬ 
spectively [68AC(R)1435]. Substituent effects for the iodination reaction 
(Table 8.6) [69AC(R)799] are particularly interesting because they demon¬ 
strate very clearly that conjugative effects from the benzenoid ring are 
relayed very poorly to the 3-position, so much so that 5-OMe is less acti¬ 
vating than 5-Me. 

Bromination of benzo[6]selenophene occurs at both the 2- and the 3- 
positions (72CHE13). 

v. Alkylation and Acylation. /-Butylation of benzo[6]furan with 
2-methylpropene-H,P0 4 /Kieselguhr gives the 2-, 3-, and other isomers in 
the ratio 8:10:3 (69BAU2446), but with /-butyl chloride/ZnCU the 2:3 
ratio becomes 1 : 2 (71CHE144). Under the latter conditions, the activa¬ 
tion energies for both positions are similar (—8.6 kcal mol -1 ), and the 
reaction is zeroth order in heteroaromatic, so that the rate-determining 
step is formation of the polarized complex (71CHE953). The 3-isomer is 


TABLE 8.6 

Substituent Effects on the Rate of 3-Iodination of Substituted Indoles 


Substituent H l-Me 2-Me 5-Me 5-OMe 6-OMe 5-Br 5-C1 

A„, 1 1.47 358 3.07 2.25 2.18 0.071 0.069 



202 


8. HETEROAROMATICS WITH A FIVE-MEMBERED RING [Sec. 2.A 


thermodynamically less stable than the 2-isomer (presumably through ste- 
ric interaction with the 4-hydrogen), and this explains why /-butylation 
with /-butanol-ZnCl 2 /Al 2 0 3 at 200°C gives an overall yield of 60%, with 
52-68% of 2-, and 5-9% of 3-/-butylbenzo[b]furan (together with 25-29% 
of phenolic products) (71CHE956). Chloromethylation occurs at the 2- 
position (54% yield) [53CA10519c; 63CA(58)5606h], whereas 2-phenyl- 
benzo[b]furan chloromethylates in the 5-position (cf. nitration, which 
goes into the 6-position) (65BSF1466). A possible reason for the 5-orienta¬ 
tion could be coordination of the Friedel-Crafts catalyst with oxygen. 

Isopropylation of benzo[b]thiophene with propene, 2-propanol, or 2- 
chloropropane, catalyzed by various acids, occurs mainly at the 2-posi¬ 
tion (78-92%) together with a little 3-substitution (62JOC2026). This is 
somewhat anomalous, being the only electrophilic substitution of benzo- 
[hjthiophene that gives a preponderence of 2-substitution. By contrast, /- 
butylation with 2-methylpropene, catalyzed by sulfuric or phosphoric 
acid, gave 67 and 75%, respectively, of the 3-derivative (53USP2652405; 
56JOC584). A more recent report showed that with polyphosphoric acid 
as catalyst, the 3-isomer (71%) is accompanied by 22% of the 2-isomer; 
these yields became 89 and 6%, respectively, with /-butanol-H 2 S0 4 as the 
reagent [72JCS(P1)4I4]. Alkylation with /-amyl alcohol, pent-l-ene, or 
hex-l-ene also gives the 3-derivative (53USP2652405; 66JOC3093). Be¬ 
cause there will be steric hindrance from the sulfur d orbitals as well as 
the 4-hydrogen, it is unlikely that there is a substantial difference in ther¬ 
modynamic stability between the 2- and 3-/-butyl derivatives, in contrast 
to the /-butylbenzo[6]furans. 

Indole is alkylated at the N- or at the 3-position, depending upon the 
conditions. For example, alkylation of the anion in liquid ammonia gives 
100% N-alkylation (54CB127) and with benzyl bromide in DMSO the 
anion yields 92-97% of A-benzylindole (730S1758). However, with aziri- 
dinium tetrafluoroborate, the product was mainly 3-(2-aminoethyl)indole 
together with a little of the 2-isomer [67AG(E)178], The proposal that the 

2- substitution of indole takes place through 3-substitution followed by re¬ 
arrangement (69T227) has been shown not to be a significant pathway 
for 2-alkylation of 3-alkylindoles (72TL5277). Alkylation with xanthydrol 
(8.48) in the presence of acid gave a 78% yield of the 3-isomer. 2-Methyl- 
and 3-methylindole gave the expected 3- and 2-substitution, respectively, 
while 2,3-dimethylindole gave 5- (45%) and 6-substitution (11%), indicat¬ 
ing fairly similar reactivity of the 5- and 6-positions (84JHC1485). 
Hydroxymethylation of indole with paraformaldehyde goes 82% into the 

3- position (5IG613). In reaction with the alkylating reagent 8.49, the rela¬ 
tive reactivities of ir-excessive heterocycles were thiophene (1), furan 
(10 3 ), pyrrole (10 s ), indole (5 x 10 5 ), A-methylindole (3 x 10 6 ), 2-methyl- 
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(8-48) (8 49) 


indole (3.5 x 10 6 ) (73CC540). Cyanoethylation of indole and 2-methylin- 
dole with vinyl cyanide gave 80 and 81%, yields, respectively, of the 3 - 
(2-cyanoethyl) derivatives (56ZOB557). The reaction between methyl 
chloroacetate and photoexcited indole gives all seven monosubstitution 
products (72CPB2163). 

Isomer ratios for the acylation of benzo[b] furan under various condi¬ 
tions are given in Table 8.7 [71JCS(B)79; 73JCS(P2) 1250]; from these 
data, values of at and or 3 were determined as -0.575 and -0.48, respec¬ 
tively [78JCS(P2)1053]. 

Phosphoric acid-catalyzed acylation by anhydrides also gives mainly 
the 2-isomer (e.g., acetic anhydride gives 55% of 2-acetylbenzo[b] furan) 
(64JCS173). The FeCl 3 -catalyzed reaction of substituted benzoyl chlo¬ 
rides gives 35-40% yields of 2-aroylbenzo[b]furans [80CA(92)215176]. 
The variation in the isomer ratio with temperature (Table 8.7) is unlikely 
to be a thermodynamic effect arising from steric hindrance from the 4- 
hydrogen, since the change is in the wrong direction. More probably it is 
due to the increase in the reactivity of the electrophile with increasing 
temperature, which produces a diminishing 2-: 3-rate ratio (see Section 
2.A.C). 

2-Cyanobenzo[b]furan is acetylated in the 4-, 5-, and 7-positions 
(84JHC177). The 6 -position, like the 4-position, is conjugatively deacti¬ 
vated by the 2 -cyano group, but the canonical for the 2 , 6 -interaction 
(8.50) is of lower energy than that (8.51) for the 2,4- [i.e., the former has 


TABLE 8.7 

Isomer Ratios (2 : 3) for Acylation of Benzo[6]furan and Benzo[6]thiophene 


Reaction 

Reagent 

T(° C) 

Benzo[t>]furan 

Benzo[i>]thiophene 

Acetylation 

Ac.O, SnCl 4 

25 

7.2 

0.15 

Acetylation 

Ac.O, SnCl„ 

75 

3.5 

0.28 

Acetylation 

Ac.O, SnCl 4 

130 

1.7 

0.56 

Acetylation 

Ac.O, SnCl 4 

200 

— 

0.71 

Acetylation 

CF s COOCOMe 

75 

8.0 

0.27 

Benzoylation 

Bz.O, SnCl 4 

75 

8.4 

0.53 
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(8 50) (8 51) 

the higher substituent interaction factor A f (79JCS(P2)38I)]. The cyano 
group therefore destabilizes more effectively the transition state of 8.50 
compared to that of 8.51. Benzo[fc]furan-2-carboxamide also acetylated 
at the 5-position (84JHC177). The greater-electron-supplying ability of a 
methoxy group compared to the heterocyclic oxygen is shown by the po¬ 
sition of acetylation in 8.52 and 8.53 (65BSF1473; 82JHC279); in addition, 
the orientation in 8.54 shows the effect of the high 4,5- versus 5,6-bond 
order. The 2-nitro derivative of 8.53 is also acetylated in the 7-position 
(82JHC279). The 6- and 4-substitutions of 2,3-dimethylbenzo[£>]furans 
containing either a bromine or a chlorine in any position of the benzenoid 
ring (70BCJ3496, 70BSF3601) may also be interpreted in terms of the 
bond fixation in that ring. With a methyl group in the five-membered ring, 
the latter becomes almost equally reactive to that of the methoxy-substi- 
tuted benzenoid ring in 8.55, and more reactive in 8.56 (65BSF1473). 


OMe 



(852) (8-53) (854) 


OMe OMe 



70% 


< 855 > (8-56) 

Acylation of benzo[6]thiophene goes preferentially into the 3-position, 
with the isomer ratio given in Table 8.7 [73JCS(P2)1250]. These results 
lead to (j + 2 and o + 3 values of -0.49 and -0.58, respectively. In contrast 



Sec. 2.A] ONE FIVE- AND ONE SIX-MEMBERED RING COMPOUNDS 


205 


to benzo[6]furan, the proportion of the 2-isomer formed increases with 
increasing temperature, but the interplay of many factors here (steric hin¬ 
drance from the 4-hydrogen and the sulfur d orbitals, as well as the 
change in reactivity of the electrophile) obscures the precise reasons for 
this variation. 

A wide range of substituent effects has been determined for the acetyl¬ 
ation of benzo[6]thiophene, and the more important results are given 
in Scheme 8.5 in terms of isomer yields or the main site of substitu¬ 
tion [52JA766,2285; 60T(10)215; 6IBSFI534, 6IJOC359,363; 64BSF1525; 
65N KZ99,637,647 , 65NKZ1067; 67BRPI058468, 67JCS(C)2084, 67M- 
2039, 67NKZ751; 78JCR(S)10; 79JHCI029]. In general, these show that 
electron-supplying substituents at the 2- or 3-positions activate the adja¬ 
cent position. If the 3-position is blocked, electron-supplying substituents 
at the 2- or 3-positions activate the adjacent position. If the 3-position is 
blocked, electron-supplying substituents at the 2-position activate the 6- 
position making it even more reactive than the 5-position, the next most 
reactive site in the benzenoid ring (see Section 2.A.c). Hence, 5-substitu¬ 
tion may or may not accompany 6-substitution here. Electron supply 
from the 2- to the 4-position is less effective and coupled with the substan¬ 
tially lower reactivity of the 4-position (Section 2.A.c) means that 4-sub- 
stitution is often not observed. Conversely, electron-donor substituents 
at the 6-position, and to a lesser extent at the 4-position, preferentially 
activate the 2-position, such that 2-substitution becomes preferred over 
3-substitution, which is not difficult because of the fairly close reactivity 
of the 2- and 3-positions (Section 2.A.c). Likewise, if both 5- and 6-posi¬ 
tions contain electron-supplying substituents, then since the 6,2-conjuga- 
tive interaction is greater than the 5,3-conjugative interaction, 2-substitu¬ 
tion is again the expected result [cf. 70AHC(11)177], Electron-supplying 
substituents at the 5- and (less effectively) at the 7-position activate (but 
less strongly) the already most reactive 3-position so substitution occurs 
there. Electron-withdrawing substituents at the 6- and (less effectively) 
the 4-position deactivate the 2-position, and the effect from the 5- and 7- 
position upon the 3-position will be correspondingly smaller. If the 2- and 
3-positions are blocked with electron-withdrawing substituents, then the 
6-position should be more effectively deactivated by the 2-substituent 
than will the 5-position be deactivated by the 3-substituent, so both 6- 
and 5-substitution should be observed. 

Results of additional note are that 4-chlorobenzo[b]thiophene gives 2- 
substitution (84%) and the 6-isomer gives mainly 2- (64%) together with 
some 3-substitution (26%) [78JCR(S)10]. This suggests that the + M (mes- 
omeric donor) effect of chlorine is more effectively transmitted between 
the two rings than the -/ (inductive acceptor) effect, which is not unrea¬ 
sonable. This view is supported by the preferential 3-acetylation of 5- 




85% 


Scheme 8.5. Isomer yields and positions of substitution in acetylation of benzol [thiophenes. 
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chloro- and 5-bromobenzo[6]thiophene [67JCS(C)2084], Less explicable 
is the 4-acetylation said to accompany 6-acetylation of 2-bromo-3-methyl- 
benzo[b]thiophene (67NKZ751), whereas 6- and 5-acetylation would be 
expected. Moreover, the change to ipso substitution in this work (almost 
total for the 3-bromo-2-methyl isomer) for a mere 10°C increase in tem¬ 
perature suggests an experimental artifact. The 3-methoxycarbonyl sub¬ 
stituent deactivates the 6- and 4-positions (the former more effectively as 
expected), giving a 3 : 1 ratio for acetylation (79JHC1029). For benzoyl- 
ation [which is less sterically hindered, 72MI2(181)] the ratio of 6-: 4-sub¬ 
stitution is substantially lower, as expected. The high steric hindrance to 
acetylation also shows up in reaction of 6-ethoxybenzo[b]thiophene, no 
7-acetylation being found despite strong activation by the o-ethoxy group. 
The same is found for acetylation of 6-acetylaminobenzo[/>]thiophene, 
and this may be attributed to steric hindrance arising from the adjacent 
6-substituent and sulfur d orbitals. By contrast, 4-methoxybenzo[6]thio- 
phene, in which the 7-position is activated similarly to the previous case, 
is almost exclusively 7-substituted, and no 5-substitution occurs because 
of steric hindrance. The small amount (0.5%) of 2-substitution here re¬ 
flects the poor 4,2-conjugative interaction. Lastly, the high steric hin¬ 
drance to acetylation is confirmed by nitration and bromination of 6-ace- 
tylaminobenzo[6]thiophene, which gives both 2- and 7-substitution 
[78JCR(S)10]. Additional quantitative data which may be interpreted in 
the above manner are given in the literature [70AHC(11)327]. 

As in alkylation, acylation of indole can take place either at nitrogen 
or at C-3. Thus, trifluoroacetylation gave 20, 50, and 15%, respectively, 
of the C-3-mono-, N-mono-, or C-3,N-diacylated products (76T2595). By 
contrast, pyrrole gives exclusive substitution at carbon, and carbazole 
exclusive substitution at nitrogen, the differences being attributed to 
the relative loss of ground-state resonance in each molecule on going 
to the transition state for N-substitution. This is confirmed by a compre¬ 
hensive set of Vilsmeier-Haack acetylation data given in Table 8.8 
[77JCS(P2) 1284]. Rates here are calculated relative to the 2-position of 
indole (= 1), and data for pyrroles and carbazoles are included for 
comparison. 

A less comprehensive set of data for Vilsmeier-Haack formylation 
(72CC427) (which gives 90% 3-substitution of indole) [77CA(86)171800] 
confirmed the main features summarized below. 

(1) C-Alkylation produces only a small increase in the rate of N-acyla- 
tion of indole. 

(2) 3-Alkylation produces only a small increase in reactivity of the 2- 
position, as does 2-alkylation upon the reactivity of the 3-position (—four¬ 
fold each), which reflects both steric hindrance, and the high reactivity of 
indole. 
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TABLE 8.8 

Relative Rates for Acetylation with Dimethylacetamide-COC1 2 at 25°C 


Substitution position 


Compound 

N 

C-2 

C-3 

Benzenoid ring 
(position) 

Pyrrole 


5000 



1-Methylpyrrole 


5785 



3-Methylpyrroie 


2.1 x I0 5 



Indole 

59 

1 

2620 


1-Methylindole 



4250 


2-Methylindole 



1 x 10 4 


3-Methylindole 

68 

3.8 



4-Methylindole 

102 


2050 


3-/-Butylindole 

54 




1,2-Dimethylindole 



9040 


1,3-DimethyIindole 


3.95 



2,3-Dimethylindole 

59 



1.9 (6) 

1,2,3-Trimethylindole 




2.0 (6) 

Carbazole 

434 



16(3) 

/V-methylcarbazole 




25 (3) 

1,2,3,4-Tetrahydrocarbazole 

32 



1.8 (7) 


The 1- and 4-methyl groups are each the same distance from the 3- 
position and can only act inductively. The former produces a small activa¬ 
tion, and the latter a small deactivation resulting from superimposition of 
steric hindrance upon a comparable activation. As in the case of benzo- 
[6]thiophene, the 6-position appears to be the most reactive in the benze- 
noid ring. Acetylation of l-acetyl-2,3-dimethylindole also occurred in the 
6-position (73% yield) (47JCS1631), but for 2-methyl-5-nitroindole, 2% 
was acetylated at the 3-position and a very surprising 64% at nitrogen, 
which ought to be conjugatively deactivated (63JOC2262). From Table 
8.8, the positional reactivity order (k rc , ) in indole is 3 (2620) > 1 (59) > 
2 (1) >> 6 (?). Results for carbazole are described in Section 3. 

The 3-position of indole is acetylated by acetic anhydride/formic acid 
to give 3-(l-acetyl-l-hydroxyethyl)indole (70-77%) (72CC77). Cyanoace- 
tylation of indole occurs in 84% yield; 2-methylindole gives 81% yield but 
2-phenylindole does not react, probably due to steric hindrance 
(80CB3675). Acetylation of 2-ethoxycarbonylindole with acid chlorides of 
strong acids (e.g., chloroacetic, p-nitrobenzoic) occurs at the 5-position 
(84H241), which follows from conjugative deactivation of the 6-position 
and steric hindrance at the 3-position. The ratio of N to C-3 a-bromoprop- 
ionylation [by A r -(2-haloacyl)pyridinium salts] appears to be extraordi- 
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narily temperature sensitive, being 100 (20°C), 1.25 (40°C), and 0.12 
(60°C) (73T97I), probably as a result of N to C-3 rearrangement. a-Bro- 
mobutyrylation at 60°C gave only a minor amount of the 3-derivative, but 
logically this does not seem to be a steric effect (cf. 73T971) since N and 
C-3 are equidistant from pen-hydrogens. 

Benzoylation of benzo[6]selenophene gives mainly 2- together with a 
little 3-substitution, as does acetylation (72BSF3955), though another re¬ 
port gives the 3 : 2 ratio as 1.5 in acetylation (72CHE13). 

vi. Other Substitution Reactions. 

a. Metallation. Lithiation of benzo[b]furan, benzo[£>] thiophene, 
benzo[6]selenophene, and indole occurs at the 2-positions [72CHEI3; 
77JCS(P 1)887], the carbanions generated being stabilized by inductive 
electron withdrawal by the heteroatom. This parallels base-catalyzed hy¬ 
drogen exchange in view of the similarity of the mechanism. For benzo- 
[6]thiophene and benzo[6]furan, the next most reactive site is the 7-posi- 
tion and again this follows from the inductive effect of the heteroatom. If 
an electron-withdrawing group is at the the 2-position of benzo[b]furan 
then lithiation occurs in the 3-position, as expected, and vice versa 
[84JCS(PI)2839]. Yields of up to 85% of 2-lithiobenzo[h]thiophene have 
been reported (73CHE953), and with n-BuLi in N,N, N', AT-tetrameth- 
ylenediamine (TMEDA), lithiation gives 55% 2-substitution and 32% of 
2,7-disubstitution [77JCS(PI)887]. 

Mercuriation of indole by mercuric acetate in acetic anhydride is ac¬ 
companied by N-acetylation, giving 61% of i-acetyl-3-acetoxymercuriin- 
dole. The 2- and 3-methyl derivatives of indole and of benzo[h]seleno- 
phene are substituted in the 3- and 2-positions, respectively [70CHE254; 
7ICHEI401; 72CHE18], 


h. Diazonium coupling. Reaction between p-nitrophenyldiazonium 
chloride and indole gives 3-p-nitrophenylazoindole. Between pH 4 and 6 
at 0°C, the reaction is first-order in both reagents, shows no kinetic iso¬ 
tope effect, and has a rate independent of pH. The rate-determining step 
is thus attack of the ion upon the neutral indole molecule (57JCS2398). 


c. Thiocyanation and selenacyanation. Reaction of thiocyanogen 
with indole gave an 8% yield of 3-thiocyanoindole. Surprisingly, indole- 
2-carboxylic acid also gave the 3-thiocyano derivative in 92% yield 
(60JA2742). The reaction of selenocyanogen with indole gave 70% yield 
of 3-selenocyanoindole (63ACS268). 
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d. Sulfonation. Sulfonation of benzo[h]furan occurs at the 3-position 
(53CA10519) [and this is probably true also for benzo[b]thiophene 
(61M677)], whereas chlorosulfonation of 3-methyl- and 3,5- and 
3,7-dimethylbenzo[h]thiophene takes place at the 2- and 6-positions 
[74CA(81)105154; 76CA(84)89931], which follows from a combination of 
intrinsic reactivity, steric hindrance, and bond-fixation effects. An early 
report of the sulfonation of indole (49JGU763) is largely incorrect. 
Scheme 8.6 shows product orientations from more recent determinations 
(51JGU1415; 73T669) and these may each be rationalized in terms of the 
usual substituent effects. 

e. Phosphonylation. Reaction of indole with phosphoramidates gives 
mainly N-substitution [e.g., P(NEt 2 ) 3 gave 85% of (8.57)], but with phos- 
phonoamidates, mainly 3-substitution [e.g., MeP(0)(NBu 2 ) 2 gave 79% 
of 8.58] (80JGU618). The latter reagent is more electrophilic than the 

°*P(NBu 2 )2 



P(NEtj) 2 H 


(8 - 57) (8-58) 

former, and this may account for the difference in positional selectivity. 
Another possible explanation is that the N-substituted compound in the 
latter case simply rearranges to the 3-position more quickly. 



Scheme 8.6. Isomer yields in sulfonation of substituted indoles. 
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f. Acyldesilylation. Acetylation of 4-trimethylsilylindole (8.59) went 
in the 3-position, whereas the (V-acetyl derivative underwent ace- 
tyldesilylation at the 4-position. By contrast, the reaction of the N-acetyl 
compound with chloroacetyl chloride gave 37% of 6-chloroacetylation 
(together with 46% of protiodesilylation). The lack of acyldesilylation 
here was thought to be a steric effect (84JOC4409), but more probably 
arises from the greater reactivity of the electrophile in chloroacetylation. 
The balance between ipso substitution and deprotonation elsewhere in 
the ring has been found to vary according to the reactivity of the elec¬ 
trophile in other reactions (see, e.g., 76MI2). 



H 

(8 59) 


g. Protiodemetallation. Protiodesilylation of 2- and 3-trimethylsilyl- 
benzo[6]thiophene gave partial rate factors of 39.6 and 40.7, leading to 
cr + values of -0.33 and -0.34, respectively (61JCS4921). This reaction 
shows greater similarity in the reactivity of the 2- and 3-positions than 
does any other (a possible reason is given in Section 2.A.c). 

A comprehensive kinetic study has been made of the rates of base- 
catalyzed cleavage of compounds ArXR 3 (X = Si, Ge, Sn; Ar = 2-furyl, 
2-thienyl, 2-benzo[b]furyl, and 2-benzo[6]thienyl). Rates increased with 
increasing base concentration; relative rates are given in Table 8.9 
[76JCS(P2)925]. Product and kinetic isotope effects were determined and 
analysis of these and the reactivity pattern confirmed that, for the silicon- 
and germanium-containing compounds, the rate-determining step is effec¬ 
tively formation of the free carbanion [Eq. (8.1)]; subsequent reaction of 
the carbanion with a proton from the solvent is fast. For the tin com¬ 
pounds, electrophilic attack by the incoming proton has made significant 
progress in the transition state [Eq. (8.2)] ]72M12(348)]. 

ArXR, + OMe ^ Ar + XR,OMe (8.1) 

ArSnR, + OMe' + MeOH ^ Ar- SnR,OMe (8.2) 


H - - OMe 
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TABLE 8.9 


Rates of Cleavage" of ArXR, Compounds Relative 
to Those of PhCH 2 XMe, 


Ar 

R 

X 

Sn 

Si 

PhCH 2 

Me 

1 

1 

2-Thienyl 

Me 

43,000 

43 


Et 

1,360 

0.64 


/-Pr 

2.6 

_ 

2-Furyl 

Me 

68,000 

15.8 


Et 

2,100 

— 

2-Benzo[blthienyl 

Me 

90,000 

690 b 


Et 

3,580 

5.5 


i- Pr 

11.3 

— 

2-Benzo[b]furyl 

Me 

155,000 

560 


Et 

7,400 

3.3 


“By NaOMe in MeOH at 50"C. 

'’The value for the corresponding germanium compound was 


The negative charge is partially delocalized onto the aromatic ring. The 
importance of this electrophilic attack accounts for the different reactivity 
order for the various heterocycles. For both mechanisms, base attack is 
sterically hindered and increasingly so the larger is R, as the results show. 
The variation in rate with the size of R is smaller for the tin compounds 
as tin is larger to begin with. 

vii. Side-Chain Reactions. Studies of side-chain reactivity have 
given a precise indication of the total positional reactivity order in benzo- 
U>]thiophene, showing that the positional reactivities are very reaction 
dependent, considerably more so than is the case for the monocyclic five- 
membered heterocycles. Three reactions have been studied: solvolysis of 
1-arylethyl acetates (69JA7381) and 1-arylethyl chlorides in solution (p = 
-4.8 at 25°C) (74JOC2828), and pyrolysis of 1-arylethyl acetates in the 
gas phase (p = -0.66 at 600 K) [78JCS(P2)1053]. The two last reactions 
(for which all positions were measured) gave the same positional reactiv¬ 
ity order: 3>2>6>5>4>7(as does acid-catalyzed hydrogen ex¬ 
change; Section 2.A.b). The o + values differ considerably, however, 
being, respectively, -0.56, -0.49, -0.42, -0.34, -0.25, and -0.11 in 
solvolysis, and -0.54, -0.39, -0.32, -0.29, -0.155, and +0.10 in py¬ 
rolysis. The difference is due to the differing polarizabilities of each posi¬ 
tion and is discussed fully in Section 2.A.C. The reactivity of the 2- and 
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3-position in solvolysis of 1-arylethyl acetates yields corresponding cr + 
values of -0.43 and -0.52, which are significantly different from those 
obtained in solvolysis of the chlorides, for the reason mentioned above. 

Two of these reactions have been used to measure the reactivity of the 
2- and 3-positions in benzo[6]furan, the corresponding a + values being 
-0.47 and -0.46 (from solvolysis of 1-arylethyl acetates, 69JA7381), and 
-0.225 and -0.495 [from pyrolysis of 1-arylethyl acetates, 78JCS(P2) 1053]. 
Solvolysis of 1-arylethyl acetates has been used to determine the relative 
reactivity of the 2-positions of benzol6]selenophene and benzol6]telluro- 
phene compared to the corresponding position in benzol 6]furan and benzo- 
[fe]thiophene (77G339), the k Kl values being 1.7, 5.2, 1.5, and 1, respectively. 
From these data the corresponding a + values for the 2-positions of benzo- 
[bjsellenophene and benzo[b]tellurophene may be calculated as -0.475 and 
-0.58, respectively. All of these results are discussed in Section 2.A.C. 


c. Quantitative Aspects of the Reactivity Data 

The rate data collected in the foregoing sections are gathered, in terms of 
ct + values, in Table 8.10. The main features of these results are summarized 
in the following subsections. 

i. Benzo[b]furan. Although the a + values for the 3-position are 
essentially constant, those for the 2-position show a wide variation, with 
the reactivity increasing as the demand for resonance stabilization of the 
reaction transition state increases. In the reaction with the lowest de¬ 
mand, pyrolysis of 1-arylethyl acetates, the -/effect of oxygen at the 2- 
position is only partially outweighed by the + M effect, resulting in the 2- 
position being less reactive than the 3-position. By contrast, in acetyl¬ 
ation, in which the demand is high, the 2-position is more reactive than 
the 3-position, and in the reaction of intermediate demand, solvolysis of 
1-arylethyl acetates, both positions are about equally reactive. This varia¬ 
tion in reactivity with nature of the transition state is predicted by calcula¬ 
tions [78JCS(P2)1053], 

ii. Benzo[b]thiophene. Here again the ct + values are not con¬ 
stant, and generally increase with increasing demand for resonance stabi¬ 
lization of the transition state. Similarly, the effect is greatest at the 2- 
position, but since the -/effect of sulfur is less than that of oxygen, the 
difference between the reactivities of the 2- and 3-positions is never so 
great as with benzo[6]furan. Under no conditions does the 2-position be¬ 
come more reactive than the 3-position. This may stem from a lower + M 



TABLE 8.10 

<r + Values from Various Reactions “ 


Reaction 

Benzo[6]furan 



Benzo[6]thiophene 



Benzo[6]- 

selenophene 

Benzol[6]- 

tellurophene 

2 

3 

2 

3 

4 

5 

6 

7 

2 

2 

Pyrolysis, 1-arylethyl 

-0.225 

-0.495 

-0.39 

-0.54 

-0.155 

-0.29 

-0.32 

+ 0.10 



acetates 











Solvolysis, 1-arylethyl 

-0.47 

-0.46 

-0.43 

-0.52 





-0.475 

-0.58 

acetates 











Solvolysis, 1-arylethyl 



-0.49 

-0.56 

-0.25 

-0.34 

-0.42 

-0.11 



chlorides 











Protiodetritiation 1 ’ 



-0.68 

-0.695 

-0.29 

-0.365 

-0.48 

-0.16 



Protiodesilylation 



-0.33 

-0.34 







Positive bromination 



-0.39 

-0.69 







Acetylation 

-0.575 

-0.48 

-0.49 

-0.58 







Molecular chlorination 



-0.61 

-0.77 







Molecular bromination 



-0.61 

-0.77 








“ For references, see the appropriate preceding section. 

"For hydrogen exchange of indole, a* for the 3-position is calculated to be -1.55 (Section 2.B.b). 
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effect of sulfur compared to oxygen but may also be partially a steric 
effect, as described below. The increase in a + values with demand for 
resonance stabilization of the transition state is also shown very nicely 
by the data for each position in benzoU>]thiophene, which show a regular 
increase in value throughout. It is probably significant that the positions 
most affected by the -I effect of sulfur, namely the 2- and 7-positions, 
show the greatest variation in cr + value—indeed the 7-position is actually 
deactivated in the pyrolysis. Despite the variations in tr + , it is noteworthy 
that in all three reactions in which all the positional reactivities have been 
determined, the positional order is the same: 3>2>6>5>4>7. 

Given the clear indication of the variation in a + with transition-state 
structure, some anomalies are evident. First, in reactions with high de¬ 
mand for resonance stabilization of the transition state (viz. acetylation 
and molecular halogenation), one could reasonably expect the 2-position 
to be more reactive than the 3-position. Similarly, in a reaction with a 
low demand for resonance stabilization (e.g., protiodesilyation), the 2- 
position ought to be much less reactive than the 3-position. Taylor et al. 
have suggested that the discrepancy arises through steric hindrance at the 
2-position arising from the sulfur d orbitals [82JCS(P2)1489]. This would 
reduce 2-substitution for acetylation and molecular halogenation, reac¬ 
tions which are sterically hindered, but would enhance 2-substitution for 
protiodesilylation, since it is sterically accelerated. Confirmation that this 
is the likely course of the discrepancy comes from benzoylation of benzo- 
[6]thiophene. Benzoylation is well known to be less sterically hindered 
than acetylation, and gives twice as much 2-substitution relative to 3-sub¬ 
stitution than does acetylation under the same conditions (Table 8.7) 
[82JCS(P2) 1489]. 

It should be stressed that there is nothing exceptional about the 
benzo[6] compounds in not providing constant a* values. Proper analysis 
of the literature data for practically every aromatic shows the cr + values 
to be variable. For some molecules that are not very polarizable, the vari¬ 
ation in ct + is quite small, leading to the erroneous conclusion of their 
constancy. The presently described molecules are particularly polarizable 
and show that satisfactory treatment of reactivity data can generally be 
achieved only through the use of a multiparameter equation, notably the 
Yukawa-Tsuno equation (59BCJ971). 

iii. Benzolb]selenophene and Benzo[b]tellurophene. The 
reactivity of the 2-positions of these molecules and the lower hetero- 
logues follows the order (for the heteroatom) Te > Se > O > S. This is 
similar to that found for the five-membered heterocycles (Chapter 6); 
clearly the order may vary according to the nature of the reaction. 
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B. Molecules Containing One Heteroatom: 
Benzo/c/selenophene, Isoindole, and Indolizine 


The benzo[c] derivatives (8.2) of the five-membered heterocycles do 
not contain a true Kekule benzenoid ring and so tend to undergo other 
reactions under the conditions for electrophilic substitution. Like indoli¬ 
zine, however, they are very reactive toward electrophilic substitution 
for a reason that does not appear to have been noted previously, namely 
that in passing to the transition state, a true benzenoid ring is generated 
(e.g., 8.60 and 8.61 for benzo[c]selenophene and indolizine, respectively) 
[87JCS(P2)59I]. 



(8 60) 


CQ- 03“ 


a. Reactions 

Because the nitrogen in indolizine (pyroccoline, pyrrolo[l,2-a]pyridine) 
is sp 2 hybridized, it cannot be protonated: Such protonation would make 
the nitrogen sp 3 hybridized and the molecule nonplanar and nonconju- 
gated. By contrast, protonation can readily occur at the 1- and 3-positions 
(giving, e.g., 8.61, E = H); 3-protonation is favored thermodynamically 
(maximum delocalization of the nitrogen lone pair). Electrophilic substi¬ 
tution usually takes place at the 1-position, possibly because the 3-posi¬ 
tion is subject to -/ inductive electron withdrawal by the adjacent nitro¬ 
gen. Acid-catalyzed hydrogen exchange (D 2 0, 200°C) gave the rate 
coefficients in Table 8.11; the positional reactivity order, 1, 3 >> 2 > 7 
> 5 > 6 > 8 is close to that, 3 > 1 » 2>5[or5>2] = 7>6>8 
predicted by ir-electron densities (47TFS87; 71T851). In contrast, local- 


TABLE 8.11 

Rate Coefficients for Deuteriation of Indolizine" 

Position 1,3 2 5 6 7 8 

10 7 A (sec ') >500,000 1300 4.6 0.67 6 <0.1 


“In D,S0 4 at 200°C. 
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ization energies predict the order as 1 > 3 (47TFS87) (which is incorrect, 
see Table 8.12); this failure may stem from the very high reactivity of 
indolizine, such that the reaction transition state will be far from the 
Wheland intermediate. Partial rate factors for exchange under standard 
conditions (TFA, 70°C) and the positional reactivity orders are discussed 
further in Section 2.B.b. 

The effect of the high reactivity of indolizine also shows up in substitu¬ 
ent effects that are very small, as they should be according to the reactiv¬ 
ity-selectivity principle. The exchange-rate coefficients for deuteriation 
in D 2 0/dioxan at 50°C are given in Table 8.12 (71T4171), and from these 
data the methyl substituent effects may be calculated. Notable features 
are [87JCS(P2)591] summarized below. 

(1) Comparison with the data for exchange of indole under the same 
conditions (Table 8.2) shows the 3-position of indolizine to be 1800 times 
more reactive than the 3-position of indole. This is a measure of the effect 
of forming the benzenoid transition state for indolizine exchange. 

(2) Substituent effects are very small (~10 times smaller than in other 
aromatics) [e.g., naphthalene [68JCS(B)1112] or thiophene (Chapter 6, 
Section l.A)]. 

(3) The 1,3-interactions (meta) are similar in each direction (/**' - 3.9) 
and are smaller than the 2,1- or 2,3-interactions (ortho), as they should 
be. 

(4) Because of bond fixation, the 2,3-interaction (f Me = 8.9) is smaller 
than the 2,1-interaction (/ Mc = 7.9). 

(5) The combined 1,2-Me 2 and 2,3-Me 2 substituent effects are approxi¬ 
mately additive. 


TABLE 8.12 


Rate Coefficients and Methyl Substituent 
Effects for Deuteration of Indolizine" 


Substituent 

Position 

10“ k (sec"') 

/M' 

H 

I 

0.7 

_ 

H 

3 

3.6 

— 

1-Me 

3 

14 

3.9 

2-Me 

1 

5.5 

7.9 

2-Me 

3 

32 

8.9 

3-Me 

1 

2.7 

3.85 

1,2-Me, 

3 

200 

55 

2,3-Me, 

I 

28 

40 


" In D.O/dioxan at 50°C. 
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Nitration of indolizine and 2-methylindolizine in weak acid occurs at 
the 3-positions, but under more strongly acidic conditions reaction occurs 
on the 3-protonated conjugate acid in the 1-position [72JCS(P1)2954], Ni¬ 
tration of l-methyl-2-phenylindolizine in aqueous sulfuric acid at 25°C in¬ 
volves the conjugate acid, and thus takes place at the 4'-position of the 
phenyl ring; because the “substituent” on the phenyl ring is a cation, the 
ring is deactivated giving/ 4 = 0.10 [79JCS(P2)312], The high reactivity of 
the 3-position is such that if the 1- and 2-positions are blocked by activat¬ 
ing groups, then 3-substituents such as alkyl, acyl, and diazonium groups 
may be replaced by nitronium ion. The same will also occur at the simi¬ 
larly very reactive 1-position if the 2- and 3-positions are blocked 
(84JCS(P2)165). 

Indolizine is formylated almost exclusively at the 1-position 
(75JHC379), and with ethyl benzoylacetate (PhC0CH 2 C0 2 Et), 2-methyl¬ 
indolizine gives a 70% yield of the 3-ketone (62JGU1515). The higher re¬ 
activity of the 3-position is here aided by the greater activation by 2- 
methyl across the 2,3- compared to the 2,1-bond. 

2-Methyl- and 2-phenylindolizine are each sulfenylated by CF 3 SC1 at 
both the 1- and the 3-positions giving the SCF 3 derivatives. With an acetyl 
substituent at the 3-position, substitution still takes place at the 1-position 
(81JFC67), so acetyl does not deactivate appreciably, which is consistent 
with the small substituent effects in this very reactive system. 

The 1- and 3-positions in benzo[c]selenophene are, as evident from 
8.60, identical and very reactive. Hence reaction with mercuric chloride 
gives the 1,3-bis (chloromercuri) derivative [79CA(91)73755]. 

Under the conditions given in Table 8.12, Af-methylisoindole (8.62) ex¬ 
changes at the 1-position with 10 4 k = 24 sec -1 (71T4171) and so is sig¬ 
nificantly more reactive than indolizine. The significance of these results 
is discussed in Section 2.B.b. 

b. Quantitative Aspects of the Reactivity Data 

From the rate of detritiation of the 1-position of azulene in acetic acid 
and trifluoroacetic acid at 70°C, and the relative rates of exchange of azu¬ 
lene, indolizine, TV-methylisoindole, and indole under the conditions 
given in Tables 8.2 and 8.12, partial rate factors and tr + values have been 
determined, as given in Table 8.13 [87JCS(P2)591], 

The most noticable feature of these results is the very high reactivity 
of the compounds. Indeed, Af-methylisoindole is the most reactive aro¬ 
matic yet known. The high reactivity derives from the fact that, on going 
to the transition state, aromaticity is created whereas for a normal elec- 
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TABLE 8.13 

Partial Rate Factors and a* Values for Detritiation" 
Compound Position / a ' 


Azulene 1 9.93 x 10” -1.60 

lndolizine I 1.93 x 10"' -1.86 

3 9.93 x 10“ -2.01 

2 <5 x 10” <-1.57 

5,6,7,8 <2.3 x 10" <-1.30 

IV-Methylisoindole 1 6.62 x 10 17 -2.04 

Indole 3 5.52 x 10” -1.57 


"In trifluoroacetic acid at 70°C [87JCS(P2)591|. 

trophilic substitution it is destroyed [87JCS(P2)591 ]. Moreover the 
greater reactivity of N-methylisoindole compared to indolizine probably 
occurs because the transition state for the exchange of the former is ben- 
zenoid (8.63) and therefore more stable than that for the latter, which is 
pyridinoid (8.61). 

Thus, valence bond theory once again provides an easily visualized ex¬ 
planation of the aromatic reactivities (cf. Sections 2.A.c and 3,A.c). It 
also provides a clear explanation of the positional reactivity order in in¬ 
dolizine: 3> 1 >>2>7>5>6>8 (Tables 8.11 and 8.12). The 1- and 
3-positions are much more reactive than the others because reaction at 
these sites produces a pyridinoid transition state; the 3-position is the 
most reactive because it involves maximum delocalization of electrons. 
The 2-position is the next most reactive because of secondary relay of 
electron release from the 1- and 3-positions. In the six-membered ring, 
the 6- and 8-positions are conjugated with nitrogen, but this produces an 
antiaromatic five-membered ring (e.g., 8.64). Consequently, these are the 
least reactive sites in the six-membered ring; the 8-position is here less 
reactive than the 6-position because maximum conjugation is involved for 
reaction at the former. Secondary relay effects in this ring make the 
5- and 7-positions relatively unreactive, but not so much as the 6- and 8- 
positions [87JCS(P2)59I]. Similar application of valence bond theory 
accounts for the positional reactivities in cycl[3,2,2]azine, and also its 
reactivity relative to indolizine (Section 4.A) 

Pyrrolo[l,2-«]quinoline is a benzo derivative of indolizine and its 2,7- 
dimethyl derivative (8.65) is nitrosated, acetylated. diazo coupled, and 
formylated in the expected 1-position in 90, 40, 90, and 70% yields, re¬ 
spectively (79JHC393). Nitration also goes in the l-position if the condi¬ 
tions are not strongly acidic, in which case it goes in the 6-position. This 
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is undoubtedly due to N-protonation, and it should be noted that this is 
easier than for indolizine because the loss of aromaticity is less. Bromina- 
tion gave addition across the high-order 4,5-bond (cf. halogenation of 
8.142). 



(8 63) (8 64) 



(8 65) 


C. Molecules with More Than One Heteroatom in the 
Five-Membered Ring 

Molecules described in this section are compounds 8.66-8.70. 



(8 66 ) 


(8 67) 


X = 


NH, Benzimidazole 
O, Benzoxazole 
S, Benzothiazole 
Se, Benzoselenazole 


X = NH, Itf-Indazole X 

O, 1,2-Benzisoxazole 
S, 1,2-Benzisothiazole 
Se, 1,2-BenzisoseIenazole 


NH, 2«-Indazole 
O, 2,1-Benzisoxazole 
S, 2,1-Benzisothiazole 
Se, 2,1-Benzisoselenazole 



(8 63) 


(8-70) 


X = NH, lW-Benzotriazole 

O, 1,2,3-Benzoxadiazole* 

S, 1,2,3-Benzothiadiazole 
Se, 1.2,3-Benzoselenadiazole 


X = NH, 2//-Benzotriazole 

O, 2,1,3-Benzoxadiazole* 

S, 2,1,3-Benzothiadiazole 
Se, 2,1,3-Benzoselenadiazole 


♦These molecules are also known as benzofurazanes. 
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a. Positional Reactivity Order 

The positional reactivities have been calculated for some of those mole¬ 
cules by MO methods, though the most reactive sites can be more easily 
ascertained by a few moments work with a pencil. Thus, for 8.66-8.68, 
conjugative release by the heteroatom X and withdrawal by the nitrogen 
atom, respectively, distribute charges as shown in 8.71-8.73. Electro¬ 
philic substitution should therefore take place at the 5- and 7-positions in 
each molecule, with a possibility of some 3-substitution in 8.72 and 8.73; 
some 4- and 6-substitution could be observed under favorable conditions 
in 8.71, in which conjugative electron withdrawal from the benzenoid ring 
by nitrogen is not possible. Compounds 8.73 will be the most reactive 
because there is no loss of benzenoid resonance in the transition state; 
indeed, it is gained on 3-substitution (cf. bromination of 2//-indazole, be¬ 
low). Likewise, 8.69 and 8.70 give 8.74 and 8.75. In 8.75, the -/ effect 
of the nitrogens could be expected to lower somewhat the reactivities of 
the 4- and 7-positions relative to the 5- and 6-positions, but this is likely 
to be outweighed by the greater interruption of bond fixation required to 
place a positive charge on the 4(7)-positions compared to the 5(6)-posi- 
tions. Overall, compounds 8.75 will be much more reactive than 8.74, 
since aromaticity is not lost in the transition state. The reactivity order 
should therefore be 5,7 (8.73) > 5,7 (8.71) > 5,7 (8.72) > 5,7 (8.74) ^ 4,7 
(8.75) >5,6 (8.75) > 4,6 (8.74), and the reactivities of compounds 8.71- 
8.73 should be close to that of benzene because the effects of the heteroat¬ 
oms approximately cancel. 



(8 71) (8-72) (8 73) (8-74) (8 75) 


7t Densities have been calculated for both the benzisoxazoles (8.76, 
8.77) [60T( 10)81 ] and for benzoxazole (8.78) (74CHE166). These will un¬ 
derestimate the extent of substitution at the site (5-position in each case) 
furthest from oxygen, but indicate that, in general, 5- and 7-substitution 


0.04^>^-0 


x» 

-0.06 


0.003 

-°°rY> 

- 0 . 007^^"~0 

-0.038 


(8 76) 


(8 77) 


(8 78) 
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is expected (as indicated by 8.71-8.73). However, for benzothiazole, it 
densities appear to indicate that the 7-position will be deactivated while 
the 5-position will be activated [67TCA(9)181]. Similar anomalies are en¬ 
countered with benzimidazole, two sets of calculations which use the 
same method (SCF LCAO-MO) having produced entirely different re¬ 
sults. One set (71 CHE 1443) gives the positional reactivity order as 7 > 5 

> 4 > 6 (all activated) with the 3-position deactivated, whereas the other 
gives 5>6>7>4>3 with only the 5-position activated [67TCA(9)181]. 
Similar lack of agreement is encountered in calculations for compounds 
8.70, 7T densities for one set indicating the 5(6)-position to be more reac¬ 
tive than the 4(7)-position (all deactivated for X = O, S, Se) the reactivity 
order for X being O > S > Se (73CHE1331). By contrast, another set of 
-it densities and localization energies both show each position to be acti¬ 
vated in 1,2,3-benzothiazole (8.70, X = S) but again give the 4(7)-position 
as the most reactive [66TCA(5)401]. Lastly, CNDO/2 calculations give 
the positional reactivity order as5>7>4>6in indazole and 5,7 > 6 

> 4 in benzimidazole [78JCS(P2)865]. 

b. Reactions 

i. Acid-Catalyzed Hydrogen Exchange. As yet there have 
been no studies of this reaction for these compounds. 

ii. Base-Catalyzed Hydrogen Exchange. Detritiation of 
benzimidazole and its 1-Me and 1-Et derivatives at various pH values 
showed the exchange rate to be independent of pH at pH 5-11, but to 
decrease rapidly at higher or lower values. This seems to be consistent 
only with rate-determining attack of hydroxide ion upon the protonated 
substrate, giving an ylide intermediate [73JCS(P2)432], The effects of sub¬ 
stituents (Table 8.14) appear then to derive from alteration of the concen¬ 
tration of the protonated species. The alternative A-S E 2 mechanism 
(which would give similar substituent effects) is ruled out by the de¬ 
creased rate at low pH, and also because benzimidazole is too unreactive 
to undergo acid-catalyzed exchange under these conditions. From the 
data in Table 8.14, one may calculate the activating effects of a 4- and a 

TABLE 8.14 

Rate Coefficients for Detritiation of Benzimidazoles" 


Substituent H 1-M 1-Et l-i-Pr 5,6-CL 4.5,6-Ci, 4.5,6,7-Cl 4 

10 s * (sec ') 78.7 246 215 163 19.1 7.5 2.93 


“In neutral solution at 85°C. 
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5-chIoro substituent as 2.55 and 2.02, respectively, which accords with 
inductive effects being predominant in the base-catalyzed mechanism. 
This mechanism is also consistent with the decreasing rates with increas¬ 
ing size of the 1-alkyl groups, the reaction being well established to be 
slightly sterically hindered [72MI2(266)]. At 50°C, log k for deuteriation 
of the 2-position of 1-methylbenzimidazole is —4.1 (77CHE1235). 

Benzothiazole is less reactive toward exchange than benzoxazole 
(64TL845). This has been more recently confirmed, the relative reactivi¬ 
ties at the 2-positions of benzoazoles (8.66) being for X = S (1.0), Se (4), 
O (20), with benzimidazole (X = NH) being more reactive than any of 
these [68CA(69)85848; 77G359], Reactivity of the sulfur-containing com¬ 
pound is considerably lower relative to the O and Se analogues than is the 
case for benzo[fc]thiophene, etc; the reason for this is not yet understood 
[79PS(5)305]. Thus, the activating effect of nitrogen on going from 8.1 to 
8.66 for different heteroatoms X is 520 (S), 14,850 (Se), and 41,400 (O). 

The effects of substituents in the benzenoid ring on the rate of exchange 
at the 2-position of benzothiazole have also been measured (Table 8.15) 
(76JHC1021). These parallel those for benzimidazole (Table 8.14) and no¬ 
table is the small difference between the effects at the 5- and the 6-posi¬ 
tions. This may be attributed to the fact that only inductive effects are 
important in base-catalyzed exchange, and they may be transmitted 
through either heteroatom with comparable facility. 

iii. Nitration. Nitration of benzothiazole occurs mainly in the 6- 
position (52JPJ1263) and the most comprehensive investigation gives the 
positional yields as 20% (4), 9% (5), 50% (6), and 20% (7) (61JCS2825); 
the yield of the 6-isomer can be as high as 63% using metal nitrates in 
trifluoroacetic anhydride (81JOC3056). 6-Substitution is also predominant 
in nitration of 2-substituted derivatives, the yields being 75% (2-C1) and 
72% (2-OMe) (this latter is accompanied by 10% of 2-hydroxy-6-nitro- 
benzothiazole); however 2-nitrobenzothiazole did not undergo nitration 
(47CA754b; 52JPJ1263). No combination of normal electronic effects can 
account for the 6-substitution, and it may be that the mechanism is not 
straightforward. For example, nitration of benzoxazole, which gives 


TABLE 8.15 

Ratf. Coefficients for Deuteriation of Benzothiazol.es" 


Substituent H 5-Me 6-Me 5-CI 6-CI 5-NO, 6-NO, 6-NH, 

10 4 * (sec ') 1.21 0.70 0.65 5.00 6.19 66.3 64.3 0.177 


"With NaOD at 25°C. 
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6- and 5-nitro derivatives in the ratio 3:1, has been shown to take place 
via the intermediates shown in Scheme 8.7 (79CJC937), and thus 6-sub¬ 
stitution results from the high para-directing effect of the NHCHO 
substituent. 

Nitration of 6-methoxy- and 6-chlorobenzotriazole takes place mainly 
in the 7-position (together with a small amount of 5-substitution) 
(55CA8257h), again demonstrating bond-fixation effects (i.e., the 6,7- 
bond is of higher order than the 5,6-bond). 

Benzimidazole is nitrated at the expected 5/6-position (through tauto- 
merism the 5- and 6-positions are equivalent here) (48RTC45), a 90% yield 
being obtained from the 2-methyl derivative (52JGU1069); the 2-CF, de¬ 
rivative is also nitrated in the 5/6-position (73AJC2725) as are l-alkylben- 
zimidazoles (66CCC113) and 2-phenylimidazole (66CCC1093). The conju¬ 
gate acid is involved in the last two cases and probably in the others as 
well. 4-Acetylaminobenzimidazole is nitrated in the 5- and 7-positions in 
14 and 34% yields, respectively (53ZOB951), and this illustrates a feature 
of which there are many reports (as there are in general for benzo deriva¬ 
tives of five-membered heterocycles) of the ortho- and para-directing ef¬ 
fects of electron-supplying substituents at the 4- and 7-positions; further 
details are inappropriate here. Bond fixation (emphasized in one early 
paper, 52JGU1069) is clearly responsible for the 57:43 product ratio for 
the 4- and 6-isomers in nitration of 5-methylbenzimidazole (58ZOB62) 
and, through enhancing deactivation, also accounts for the lack of (ortho) 
4-nitration of 5-nitrobenzimidazole, the products being 5,6-dinitro- (54%) 
and 5,7-dinitro- (21%) -benzimidazole (63JCS736). 

1,2-Benzisoxazole is nitrated in the expected 5-position [26LA(449)63] 
as are the 3-methoxycarbonyl (78CPB3498) and 3-methyl derivatives. The 
latter is nitrated as the free base in 80-90wt% H,S0 4 , and as the 
conjugate acid at higher acidity [77JCS(P2)47]. The 5-methyl and 5-chloro 
derivatives are nitrated in the 4-position (77IJC1058,1061), which is the 
expected result arising from bond fixation [cf. 81AHC(29)10], since 5- 
methyl activates the 4-position most, and 5-chloro deactivates it least. 
2,1-Benzisoxazole is also nitrated in the expected 5-position [65CC408; 
66T(Suppl 7)49] and again bond fixation causes the 5-chloro derivative to 
be nitrated in the 4-position (81JHC1081) and the 6-chloro (and 6-meth- 
oxy) derivative in the 7-position (70JOC1662; 77JOC897). 5-Chloro-3- 



Scheme 8.7. Mechanism of nitration of benzoxazole. 
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phenyl-2,1-benzisoxazole is nitrated in the 7- and para-positions 
(81JHC1081), because the oxygen conjugates with the para-position of 
the phenyl ring (via nitrogen), while the phenyl ring activates the 7-posi¬ 
tion and deactivates the 4-position. 

1,2-Benzisothiazole is nitrated in the expected 5- and 7-positions 
[63AC(R)1860], reported yields being 44 and 39%, respectively. In this 
latter work, the 5-OH, 5-OMe, 5-NHAc, and 5-Br substituents gave 4- 
substitution in 72, 93, 60, and 81% yields, respectively [80JCR(S)197], 
again due to bond fixation, and the 4-Br substituent gave 5- (41%) and 7- 
substitution (42%), as expected. 2,1-Benzoisothiazole gives mainly 
5- together with some 7- and 4-nitration [69JCS(C)2189], 1,2-Benzoisosele- 
nazole is nitrated in the 5- and 7-positions in a 55 : 45 ratio (75JHC1091). 

In indazole, electron release by the NH group (to the 5-, 7-, and 3- 
positions) is considerably greater than that in the above compounds. In¬ 
dazole is also quite basic and it is expected that nitration should involve 
the conjugate acid; this has been confirmed for nitration at acidity below 
90 wt% H 2 SO„, which gives the 5-nitro and then the 5,7-dinitro deriva¬ 
tives [78JCS(P2)632]. Nitration in the less acidic nitric acid/acetic anhy¬ 
dride gives the 3-nitro and 3,5-dinitro compounds (71JOC3084) and may 
involve the free base. The high reactivity is also shown by the formation 
of 3,5,7-trinitroindazole from 3-nitro-, 3,5-dinitro-, and 5,7-dinitroinda- 
zole, of3,5,6-trinitroindazolefrom 3,6-and 5,6-dinitroindazole, and 3,4,6- 
trinitroindazole from 4,6-dinitroindazole (77JOUI192); 3-chloroindazole 
also gives the 5-nitro derivative (78PHA419). 

1,2,3-Benzothiadiazole is nitrated in the 4- and 7-positions (48JCS- 
1006). The former result is difficult to explain without involving 8.79 as a 
significant contributor to the overall resonance hybrid, and thereby 
deactivating the 5-position. 

Nitration data for 2,1,3-compounds (8.70) point to them having high 
degrees of bond fixation. Thus, although conjugative electron withdrawal 
by nitrogen places a positive charge on the 5- and 7-positions (hence by 
symmetry upon them all), structure 8.80 involves less interruption of the 
ground-state structure than does 8.81 (i.e., 8.80 has a low substituent in¬ 
teraction factor) [79JCS(P2)381]. Structure 8.80 is also p-quinonoid and 
therefore more stable, and these explanations are of course interrelated. 
As a consequence of this, 2,1,3-benzofurazane (83AJC1227), 2,1,3-benzo- 



(8 79) 


(8 81) 
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selenadiazole. and 2,1,3-benzothiadiazole (57JOC507) are each nitrated in 
the 4-position, the latter in 91% yield (53ZOB1552) 1 . The bond fixation 
effect accounts for the fact that 5-methyl-2,1,3-benzoselenadiazole 
[58JOC(22)610] and 5-chloro-2,l,3-benzothiadiazole (57ZOB2599) are 
each nitrated in the 4-position, and may contribute to the observation 
(83AJC1227) that 4-nitrobenzofurazane could not be dinitrated whereas 5- 
nitrobenzofurazane could. In the former, bond-order effects would cause 
strong deactivation of the 5-position, whereas in the latter the 6-position 
would only be weakly deactivated for the same reason. This accounts 
for the fact that 4,7-dibromo-2,l,3-benzothiadiazole could be dinitrated 
(80CPB1909) and also shows the generally higher reactivity of the 2,1,3- 
compounds compared to the 1,2,3-isomers for both the S and Se series 
(other examples may be gleaned from the literature) because of the poorer 
ground-state stability of the former. 

iv. Halogenation. A comprehensive kinetic study of the bromina- 
tion of benzimidazole and indazole [78JCS(P2)865] permits calculation of 
the partial rate factors given in Scheme 8.8. These show that the benzo 
derivatives are less reactive than the parent five-membered heterocycles 
(Chapter 7, Section 5.A), as is the general trend. l//-Indazole is more 
reactive than benzimidazole and this may be due to the relative distance 
of the aza substituent, which can only deactivate the sites inductively. 
The zero deactivating effect of o-bromine is consistent with the direction 
of substitution into the 4-position by 5-halo substituents, as noted above. 
This again probably derives from the high order of the 6,7-bond, such 
that the conjugative effect can outweigh its -/ effect; this behaviour for 
halogens was predicted by Norman and Taylor [65MIK296)] and has been 
observed (for p-bromo, and -chloro) in the NMR shifts of the cations pro¬ 
duced for substituted benzyl alcohols in superacids (81JOC1646). Substit- 



Scheme 8.8. Partial rate factors for bromination benzimidazole. 5-bromobenimidazole, 
and indazole. 


'The argument that 2,1,3-benzothiadiazole nitrates in the 4-position because protonation 
of nitrogen occurs, the resultant positive charge being cancelled by conjugative electron 
withdrawal (57JOC507), is misleading and involves a frequently cited error. The positive 
charge is created in a a orbital and cannot therefore be delocalized by ir-electron withdrawal 
(though, of course, the nitrogen does become more electropositive through protonation). 
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uents (2-CF,, 2-Me) in the five-membered ring of benzimidazole do not 
affect the predominant 5-substitution [73AJC2725, 73CA(78)58306]. 

Bromination of 2-phenyl-2//-indazole occurs mainly in the 3-position 
(89% yield) and subsequently in the 5- and 7-positions (84JOC3401). The 
high reactivity of the 3-position here may be attributed to the gain of ben- 
zenoid aromaticity on forming the transition state 8.82. 



(8 82) 

Bromination of 1,2-benzoisothiazole gives the 5-Br (32%), 7-Br (37%), 
4,7-Br, (3%), and 5,7-Br, (2%) derivatives. Electron-donor 5-OMe, 5-OH, 
and 5-NH 2 substituents direct bromination into the 4-position in 87-95% 
yield, as does the 5-Br substituent (24%), which also gives the 5,7-Br 2 
(10%) and 4,5,7-Br, (34%) derivatives 180JCR(S)197], 

Bromination of 5-methyl- and 5-bromofurazane occurs in the 4-position 
(74JHC813), but on the whole compounds of type 8.70 tend to become 
disubstituted because of their high reactivity. Thus 2,1,3-benzothiadia- 
zole is brominated in the 4,7- as well as the 4-position and chlorination of 
the 5-amino compound also occurred in the 4-position (63JGU223). Poly- 
halogenation was reported for both the benzothia- and benzoselenadia- 
zoles (64JGU3063). Benzotriazole gave 90% of the 4,7-dichloro derivative 
and 10% of the 4,5-derivative (75JOU889,902). 

v. Metallation. Benzoxazole (83JOM159), benzothiazole (85H- 
295), and benzimidazole (76CHE1399) are each lithiated in the expected 
2-position. In magnesiation with EtMgBr, the reactivity order at the 2- 
positions was benzothiazole > 4- and 5-chloro-l-methylimidazole > 1- 
methylbenzimidazole >> l-methylimidazole (69JGU1816). 

vi. Other Reactions. Benzimidazoles can be acylated at the 2-po¬ 
sition in 58-88% yield in the presence of triethylamine (77LA145). 2-AI- 
kylbenzimidazoles are sulfonated in the 5-position (75ZPK2241) and 1 H- 
indazole is sulfonated (with 20% oleum) in the 7-position (50BSF466, 
1278). 2,1,3-Benzothiadiazole is sulfonated in the 4-position (90%) as 
is the 5-amino derivative (91%) (64JGU1265). The 5- and 4-methyl de¬ 
rivatives are sulfonated in the 4- and 7-positions, respectively 
|64CA(60) 10670], 2-Hydroxybenzoxazole (benzoxalone) sulfonates in the 
6-position (41JA879). 2,1,3-Benzothiadiazole is chloromethylated to give 
the 4,7-bis(chloromethyl) derivative, and the 5- and 4-C1 compounds give 
the 4- and 7-derivatives, respectively (64JGU2491). 
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D. Molecules with Heteroatoms in Each Ring 

Compounds described in this section include compounds of general 
types 8.84-8.88, though studies have not yet been carried out on all of 
them. In addition, there are compounds with nitrogen at bridgeheads, 
with structures A-D being typical examples. 



(8 83) 

X = O, Furopyridine 
S, Thienopyridine 
NH, Pyrrolopyridine 



(8-84) 

X = O, Furopyrazine -pyridazine, -pyrimidine 

S, Thienopyrazine, -pyridazine, -pyrimidine 
NH, Pyrrolopyrazine, -pyridazine, -pyrimidine 



(8-85) 

X = O, Oxazolopyridine X = O, 

S, Thiazolopyridine S, 

NH, Imidazolopyridine NH, 



(887) 

X = O, lsoxazolopyridine X = O, 
S, Isothiazolopyridine S, 

NH, Pyrazolopyridine NH, 



(8 86 ) 


Oxazolopyrazine, -pyridazine, -pyrimidine 
Thiazolopyrazine, -pyridazine, -pyrimidine 
Imidazolopyrazine, -pyridazine, -pyrimidine 



Isoxazolopyrazine, -pyridazine, -pyrimidine 
Isothiazolopyrazine, -pyridazine, -pyrimidine 
Pyrazolopyrazine, -pyridazine, -pyrimidine 



Imidazo[ 1,5-a]py ridine 


Imidazol 1,2-o]pyridine Pyrazolo[ 1,5-u]pyridine 



Pyrrolo[ 1,2-a]py rimidine 
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a. Positional Reactivity Order 

There have been a number of calculations of these, and the results are 
generally those which may be deduced from a simple combination of con- 
jugative and bond-order effects. Data have been given in the form of elec¬ 
tron densities (<t, -rr, or both) or frontier electron densities. These latter 
and -rr densities on the whole agree on the most reactive site within a 
molecule, but tend to disagree on the subsequent order. Frontier electron 
densities for thienopyridines, thienopyridazines, and thienopyrazines are 
given in Scheme 8.9 (72ACS2601; 76JHC581), and again the very high 
reactivity predicted for the I-positions of the thieno[c] compounds, due 
to the formation of a 6ir aromatic transition state, is notable. 

This same factor accounts for the 3-substitution predicted for imida- 
zo[l,2-a]pyridine, imidazopyrimidines, and imidazolfl,2-a]pyrazine by 
both frontier electron densities (Scheme 8.10) and ir-electron densities 
(not shown) (74JHC10I3; 82AJCI761). The former indicate the 5- or 7- 
positions to be the next most reactive, whereas the latter indicate it to be 
the 2-position which is more probably correct (cf. indolizine); in general, 
frontier electron densities are poorer indices of aromatic reactivity. 



(8 89) 


For imidazo[l,2-a]pyridine, two sets of data are shown (from different 
authors) and the values disagree both in magnitude and positional order 
(the same is true of the -rr densities); this reflects the lack of reliability 
of current MO methods. For pyrrolopyridines (azaindoles) (8.89), the 3- 
position is predicted to be the most reactive site in each case (83T2851). 



.158 .163 


Scheme 8.9. Frontier electron densities for thienopyridines, thienopyridazines, and 
thienopyrazines. 
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Scheme 8.10. Frontier electron densities for imidazo[l,2-o]pyridine, imidazopyrimid- 
ines, and imidazo[L2-alpyrazine. 


b. Reactions 

i. Acid-Catalyzed Hydrogen Exchange. Standard deuteration 
rate coefficients (100°C, pH = 0) have been determined for deuteration 
of furopyridines, thienopyridines, pyrrolopyridines (azaindoles), seleno- 
pyridines, and borazathienopyridines in D 2 S0 4 [73JCS(P2)1072; 

77JHC893; 78JCS(P2)861]. Rate-acidity profiles showed that most com¬ 
pounds underwent exchange as the conjugate acids; the logarithms of the 
derived partial rate factors are given in Scheme 8.11. The 3-positions are 



Scheme 8.11. Logarithms of partial rate factors for deuteriation (I00°C, pH = 0). "Data 
from exchange of the neutral species. 
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the most reactive, with reactivity decreasing according to the nature of 
the heteroatom in the order NH > Se > S > O. Deactivation by the 
positive pole is insufficient to outweigh the activation of the 3-position by 
the heteroatom, and this is due to poor cross-conjugation (the benzenoid 
character of the six-membered ring becomes disrupted), which was noted 
in Section 2.A. In general, positive poles at the 4- and 6-positions have a 
larger effect upon the reactivities of the 3-positions than those at the 2- 
positions, whereas positive poles at the 5- and 7-positions have the great¬ 
est effect upon the 2-positions, and this follows the expected ability to 
conjugatively withdraw electrons in each case. Methyl substituent effects 
are small for the same reason noted above. In one case, deactivation is 
observed, though this may be an indication of the extent of experimental 
error arising from the extrapolations needed to obtain these data. The free 
bases are ~10 7 times more reactive than the conjugate acids. The order 
of reactivity of the thienopyridines is incorrectly predicted by frontier 
electron densities (Scheme 8.9). 

Data have also been obtained for deuteriation of B-hydroxy derivatives 
of borazathienopyridines (which react as the anhydrides) (8.90 and 8.91) 
and their 5- and 7-methyl, 4- and 6-methyl derivatives, respectively 
(77JHC893). Rate coefficients were obtained at 57, 65.2, and 72.9°C for 
exchange at the 2- and 3-position; the data for the 3-position at 65.2°C 
and the average kjk 2 rate ratios at 65.2 and 72.9°C are given in Table 8.16. 
The 3-positions are in each case more reactive than the 2-positions, but 
by only a relatively small factor. Both 8.90 and 8.91 have similar reactivi¬ 
ties at the 3-positions, but the 2-positions are more reactive in compounds 
8.91 (R = H, Me). This is difficult to understand, because electron with¬ 
drawal from the 2-position in 8.91 as in 8.92 should make this position 
relatively less reactive. Methyl-substituent effects are small and rather 


TABLE 8.16 

Rate Coefficients and kjk 2 Rate Ratios for Deuteriation of 
Borazathienopyridines 8.90 and 8.91 


Compound 

10'A:, (sec ') (65.2°C) 

kjk 2 

4,5-Borazathieno[2,3-c]pyridine (8.90) 

7.67 

6.0 

5-Methyl-4,5-borazathieno[2,3-c]pyridine 

10.1 

4.5 

7-Methyl-4,5-borazathieno[2,3-c]pyridine 

5.70 

4.9 

5,7-Dimethyl-4,5-borazathieno[2,3-c]pyridine 

8.83 

3.4 

7,6-Borazathieno[3,2-c]pyridine (8.91) 

8.83 

2.3 

6-Methy]-7,6-borazaIhieno[3,2-c)pyridine 

13.0 

3.7 

4-Methyl-7,6-borazathieno[3,2-c]pyridine 

9.83 

1.8 

4,6-Dimethyl-7,6-borazathieno[3,2-c]pyridine 

13.8 

2.7 


5.2 and 72.9°C. 
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R 

(8 90) (8.91) (8.92) 


random, which may reflect the experimental difficulties encountered in 
this work (e.g., differences in the extent of equilibrium between the hy¬ 
droxy compounds and the anhydrides) (77JHC893). 

The azaindolizines 8.93-8,95 protonate at the non-bridgehead nitrogen 
in the six-membered ring. However, protonation at C-3 competes, and 
for pyrrolo[ 1,2-6]pyridazine (8.96) protonation at C-3 is stated to be ex¬ 
clusive even though calculations (it densities, localization energies) pre¬ 
dict protonation at N-5 (71JOC3087; 85JOC1324). The pyridine-like nitro¬ 
gen in 8.96 will be expected to be the least basic of the isomers because 
of the adjacent electron-withdrawing bridgehead nitrogen. 



(8.93) (8-94) (8-95) (8 96) 


Half-lives for deuteriation in D 2 S0 4 of imidazo[l ,2-£>]pyridazine (8.97) 
and 1,2,4-triazolo[4,3-b]pyridazine (8.98) have been reported as 24 hr and 
2 min, respectively, with the 7- and 8-methyl derivatives of 8.98 also giv¬ 
ing half-lives of ~2 min (71M837). These results could be rationalized by 
the assumption that 8.97 reacts as the conjugate acid, and 8.98 as the free 
base. Indeed, the N-methyl cations of 8.98 did not exchange, but the same 
was true also of the 1-methyl cation of 8.97, so the picture is somewhat 
confused. 



Half-lives have also been reported for deuteriation in 3 M D 2 S0 4 at 
100°C of imidazo[l,2-a]pyridine (8.99), imidazo[ 1,2-a]pyrimidine (8.100), 
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(M«l) 


(8 99 ) ( 8100 ) ( 8101 ) 

Scheme 8.12. Half-lives (hr) for deuteriation of free bases (and methodides). 


and l,2,4-triazolo[l,5-a]pyrimidine ( 8 . 101 ), and some of their quaternary 
salts; the values (in hr) are given Scheme 8.12 (67CC377). Exchange takes 
place preferentially at the 3-positions of 8.99 and 8.100 and at the 5-posi¬ 
tion of 8 . 101 , in which the 2-position is strongly deactivated by electron 
withdrawal by the 3-nitrogen acting across the high-order 2,3-bond. The 
free bases were the dominant exchanging species as shown by the lower 
reactivities of the quarternary ions. 

ii. Base-Catalyzed Exchange. Rates of detritiation of 2-tritio- 
imidazo[5,4-</]pyrimidine (purine) (8.102), of its I-/-propyl and I-r-butyl 
derivatives, and of 2-tritioimidazo[5,4-6]pyridine 2 (8.103) have been mea¬ 
sured between pH 2.08 and 11.5 [73JCS(P2)1889]. For 8.102 and 8.103 a 
bell-shaped rate-pH profile was obtained (as in the case of benzimidazole, 
Section 2.C.b.i) and likewise interpreted in terms of rate-determining at¬ 
tack of hydroxide ion upon the conjugate acid to give an ylide intermedi¬ 
ate. At pH 6.25, the value of I0 6 fc(obs) (sec -1 ) at 85°C for 8.102, its I-/- 
propyl and I-f-butyl derivatives, and 8.103, were 32.0 104, 55.3, and 162, 
respectively. Thus, 8.103 is more reactive than 8.102, as expected on the 
basis of the former giving a higher concentration of conjugate acid. The 
differences in the values of the alkyl derivatives reflect the usual steric 
hindrance to base-catalyzed exchange. At higher pH, hydroxide ion-cata¬ 
lyzed exchange on the neutral species became increasingly important for 
the alkyl derivatives of 8 . 102 , which then become much more reactive 
than the other compounds, and also the rate differences between the I- 
propyl and /-butyl compounds increased to —fourfold. Detritiation of ade¬ 
nine (8.104, R = H) in water at 85°C is 2000 times slower at the 6- than 
at the 2-position (71CC394; note that different numbering is used in this 
paper). At the 2-positions, purine (8.102, R = H) and adenine (8.104, R 
= H) exchange at similar rates, and adenosine (8.104, R = 0-D-ribofura- 


’Described incorrectly in the original paper as the [4,5 -b] isomer. 
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(8102 R=H, i-Pr, t-Bu) (8103) 



R 


(8 104 R*H, (3-D-ribofuranosyI) 

nosyl) is twice as reactive. At the 2-position purine is 25 times less reac¬ 
tive than benzimidazole (8.66, X = NH), so the regular increase in reac¬ 
tivity along the series 8.101 (R = H) < 8.104 < 8.66 (X = NH) indicates 
a common mechanism, being that noted above. 

The half-lives have been determined for deuteriation (in NaOD) of 
imidazo[l,2-6]pyridazine, l,2,4-triazolo[4,3-b]pyridazine, and tetrazolo- 
[l,5-6]pyridazine and some of their derivatives (Scheme 8.13) (71M837). 
The results are much as expected: The greater the number of nitrogens, 
the faster the rate; rates are larger for quartemary ions than for the cor¬ 
responding neutral species; and the rate is reduced (in some cases quite 
markedly) by methyl substituents, presumably due to steric effects. Steric 
effects may also account for the unexpected and large deactivation by o- 
chlorine. 



Scheme 8.13. Half-lives (min) for base-catalyzed deuteriation at 95°C. 
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Exchange in these compounds is rapid at the 3-positions because of the 
highly favorable resonance (8.105) producing a 6Tr-pyridazinoid ring and 
generating a positive charge at the bridgehead. This strongly inductively 
stabilizes the negative charge created in the transition state for 3-ex¬ 
change. The importance of such stabilization by positive poles is also 
demonstrated by the rapid exchange at the 2- and 8-positions in 1-methyl- 
imidazolo[3,2-6]pyridazinium ion. 



(8105) 

Similar factors can be seen to be responsible for the relative magnitudes 
of the second-order rate coefficients for deuteriation of imidazo[ 1,2-a]pyr- 
idines and imidazo[l,2-a]pyrimidines at 35°C (in some cases 65°C), given 
in Scheme 8.14 (68JOC1087). Exchange is rapid at the 2-position when 
there is a positive pole at the I-position. When the 3-position is blocked 
by nitrogen but the 5-position is free, then exchange at 5-positions is rapid 
due to favorable resonance (8.106). Likewise exchange is retarded by the 
presence of C-methyl groups and greatly accelerated by the presence of 
positive poles. Similar reasons account for the orientation of the base- 



3 8 6-1 


Scheme 8.14. Rate coefficients 10' k M sec 1 for deuteriation at 35 or 65°C. "Values are 
3.3 and 3.9 for the 1,6- and 1,7-Me, compounds, respectively. 'The same value is obtained 
for the 7-Me derivative. 
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catalyzed deuteriation at the 3- and 5-positions of imidazo[ 1,2-a]pyrazine 
(8.107) (75JHC861). 



Under basic conditions, hypoxanthin (8.108), its 1- and 3-methyl deriv¬ 
atives, and 5-chloro-l-methylhypoxanthin, 3 all underwent exchange at the 

2- positions (conjugatively activated by the carbonyl group as well as the 

3- nitrogen). If, however, the 2-position is blocked (as in the 2,6-dimethyl 
derivative) or there is a potential positive pole at the 4-nitrogen (as in 
the 4-methyl and 2,4-dimethyl derivatives) then exchange occurs at C-5 
[73JCS(P1)789]. The exchange rate coefficient of 68 x 10' 1 sec -1 for the 
2-position of thiazolo[4,5-c]pyridine (8.109) makes this compound 56 
times more reactive than benzothiazole (Section 2.C.b.ii), due to activa¬ 
tion by the additional nitrogen [76T399]. 



(8.108) (8.109) 


iii. Metallation. In discussing compounds in this section and in 
Section 2.D.b.iv, the numbering used is as shown in 8.110, except for 
compounds with bridgehead nitrogen, for which the numbering is as in 
8.111; in some of the original papers different numbering systems have 
been used. 

Lithiation of compounds 8.110 generally takes place at the 2-position 
[as, e.g., in thieno[3,2-6]pyridine (84JHC785), furo[3,2-c]pyridine 
(83T1777), and thieno[2,3-6]pyridine (74JHC355)]. However, in thie- 
no[2,3-6]pyrazine lithiation occurs at the 5- and 6-positions in a 17:83 
ratio (80JHC1019). Compounds of type 8.111 undergo lithiation as fol¬ 
lows: imidazo[l,2-a]pyridine, 3-position (or 5- if the 2- and 3-positions are 


3 Note that in the original paper a different numbering system was used. 
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( 8.110, X = 0,S,NH) (8.111) 


blocked) (72JHC1157; 83S987); pyrrolo[l,2-a]pyrazine, 8-position; imida- 
zo[l,2-a]pyrimidine, 7-position; l,2,4-triazolo[l,2-a]pyrimidine, 5- and 7- 
positions (72JHC1157). 

iv. Other Reactions. Few studies have produced relative rate 
data. Available nonquantitative work has shown that for compounds of 
type 8.110 (X = O) substitution occurs at the 2-position, and for 8.110 (X 
= S, NH) it takes place at the 3-position [e.g., 84AHC(36)394]. Halogens 
tend to add across the 2,3-bond, especially for 8.110 (X = O). Substitu¬ 
tion in compounds of type 8.111 occurs at the 1- or 3-positions (both if 
they are unoccupied). 

A kinetic study of the bromination of imidazo[l,2-a]pyridine showed 
reaction to take place on the neutral species, at the 3-position, and 2000 
times faster than at the 5-position in imidazole (74AJC2349), the forma¬ 
tion of a stable 6Tr-pyridinoid ring in the transition state for the former 
accounting for this reactivity difference. 

Rate coefficients for nitration at the 3-position of pyrrolopyridines 
(azaindoles) with nitrogen in the 4-, 5-, 6-, and 7-positions of indole (the 
7-aza compound also contained a 4-methyl substituent) were reported as 
2.28, 5.91, 2.11, and 3.91 sec~', respectively (79CHE1195). These results 
are curious since one would expect the 5-aza compound to be less reac¬ 
tive because of the ability to conjugatively lower the lone-pair density on 
the pyrrole nitrogen (cf. results for hydrogen exchange, Scheme 8.11); the 
results appear to parallel those for hydrogen exchange of thienopyridines. 
Nitration of 2-(2-furyl)imidazo[l,2,-a]pyridine 8.112, X = O) occurs first 
in the furan ring and then in the azaindolizine ring [80CA(92)215319], indi¬ 
cating that the former is more reactive. However, it is probable that under 
the nitration conditions the azaindoline ring is protonated, because in the 
brominations of 8.112 (both X = O and X = S), bromine first enters the 
azaindolizine ring (65BAU1391; 72CHE627). 

Substitution (usually nitration or halogenation, but in a few cases other 
reactions) has been reported at the 3-position of compounds 8.110; that 
is, for furo[2,3-6]pyridine (and for the corresponding 3,2 -b, 2,3 -c, and 3,2- 
c isomers) (75JHC705; 84JHC725), 2-substituted furo- or thieno[2,3-6J- 
pyrazines (78RTC15I), thieno[2,3-6]pyridine (and the 3,2 -b, 2,3-c, 
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and 3,2-c isomers) (70AK249, 70JHC373; 74JHC205; 84JOC785), 
thieno[2,3-6]pyrazine, thieno[2,3-rf]pyridazine, thieno[2,3-*/]- and thie- 
no[3,2-c/]pyrimidine [68CR(C)(267)697; 80JHC1019], pyrrolo[2,3-6]pyri- 
dine (and the 3,2 -b, 2,3-c, and 3,2-c isomers) [69TL1909; 77CA(82)57518; 
79CHE695; 82JHC665], pyrrolo[2,3-rf]pyrimidine (69JHC207), imida- 
zo[l,2-a]pyrazine (75JHC861), imidazo[ 1,2-i]pyrazine (68T239), and imi- 
dazo[l,2-a]pyrimidine (77H929). Imidazo[4,5-c]pyridin-2-one (8.113) is 
substituted in high yield at the 7-position [79CA(91)175261] as is 4-methyl- 
4,5-borazathieno[2,3-c]pyridine (8.114) (66TL2967). 



( 8.112, X>0,S ) (8.113) (8.114) 


Among compounds of type 8.111, substitution has been reported to oc¬ 
cur at the 3-position of imidazo[l,2-a]pyridine, or at the 5-position if the 
3-position is blocked by methyl. 5-Ethoxyimidazo[l,2-a]pyridine is ni¬ 
trated to give approximately equal amounts of the 3,6- and 3,8-dinitro 
products (65JOC4085; 76JOC3549; 82AJC1761); this result suggests the 
reactivity of the five-membered ring is comparable to that of ethoxyben- 
zene. Pyrrolo[l,2-c]- and pyrrolo[2,l-^pyrimidine are formylated in the 
1- and 3-positions, and in the 3-position, respectively (76JOC351; 
77JOC2448). Imidazof 1,5-a]pyridine (8.115) is substituted preferentially 
at the 1- but also at the 3-position; further substitution occurs at the 5- 
position if the 3-position is blocked [72BSF2481; 75JHC379; 75JOC3373; 
80JCS(P1)959]. Pyrazolo[l,5-a]pyrimidine is substituted in the 3- and 6- 
positions (corresponding to the 1- and 6-positions in 8.111 (75CJC119)). 



(8.115) ( 8.ll6,R=H,Me ) 


The preferential 1-substitution in some of the compounds just discussed 
compared to preferential 3-formylation in indolizine (8.61) led Fuentes 
and Paudler to suggest that the electrophile coordinates with the bridge¬ 
head nitrogen of indolizine (75JHC379). However, this postulate is both 
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highly unlikely and unnecessary. Indolizine substitutes at the 3-position 
because this is much the most reactive site, and the preferential 1-substi¬ 
tution in imidazo[l,5-a]pyridine arises from the high 2,3-bond order so 
that the 2-nitrogen deactivates the 3-position more strongly than the 1- 
position [87JCS(P2)59I], 5-Methylimidazo[l,5-a]pyridine formylates ex¬ 
clusively at the 1-position (75JHC379) and this may be attributed to steric 
hindrance, which strongly affects this reaction [87JCS(P2)591]. Imida- 
zo[l,2-a]pyrazine is halogenated in the 3- and 5-positions (77JOC4197), 
and imidazo[l,2-a]pyrimidinium salts (8.116) are substituted quite readily 
at the 3-position (74JOU2489), presumably because the low 3,4-bond or¬ 
der reduces the ability of the positive pole to deactivate. 


3. Compounds with One Five- and Two Six-Membered Rings 

A. Molecules Containing One Heteroatom 


In discussing these compounds (dibenzofuran, dibenzothiophene, di- 
benzoselenophene, and carbozole), it should be noted that the numbering 
system differs between dibenzofuran and dibenzothiophene on the one 
hand (8.117) and carbazole on the other (8.118). An added complication 
is that in early literature the numbering, especially for dibenzofuran, fol¬ 
lowed the system used for carbazole, so that the numbering given in this 
section may not always correspond to that given in the original papers. 
To avoid complications in general discussion both here and in Section 
3.A.C, the positions will be referred to as shown in 8.119. 


■CHS 

6 X x^ 4 


7 VjML/ 9 %JC\J b 


( 8.117, X= O.S ) 


a. Positional Reactivity Order 

In these compounds the two benzenoid rings tend to behave indepen¬ 
dently, so that substitution in one ring has little effect upon substitution 
in the other. Hence symmetrical disubstitution is very easy, and careful 
control of conditions is needed to avoid this. Conjugation is possible be¬ 
tween positions b (or d) and e (or g) only through the intermediacy of 
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structures such as 8.120, which not only have lost the benzenoid 
character of two rings, but also have unfavorable bond fixation in the 
five-membered ring. Inter-ring conjugation is therefore very weak. Direct 
conjugation between positions a (or c) and f (or h) is impossible for the 
oxygen- and nitrogen-containing compounds, and is only possible for di- 
benzothiophene through the intermediacy of 8.121, which is also of high 
energy and unfavorable. 



( 8.120,X=0,S,NH) (8.121) 


These compounds are the benzo homologues of those described in Sec¬ 
tion 2. A. Valence bond theory demonstrates nicely how the site of highest 
reactivity in the benzo[6] compounds, the 6-position, becomes the ex¬ 
position in the corresponding dibenzo compounds. As noted in Section 
2. A.a, the 5- and 6-positions of the benzoffc] compounds are more reac¬ 
tive than the 4- and 7-positions, because the principal resonance struc¬ 
tures (8.4 and 8.7) are p-quinonoid. Overall, however, the 6-position is 
the most reactive because there are five canonical forms for the transition 
state (Scheme 8.16) compared to four canonicals for the transition state 
for 5-substitution (Scheme 8.15). However, for the dibenzo compounds, 
each of the four canonicals for substitution at position c(f) has an intact 
benzenoid ring, whereas for substitution at position b(g) two of the canon¬ 
icals (including the most important one, which has the positive charge 
delocalized onto the heteroatom) have lost the benzenoid character pres¬ 
ent in the ground state. This is sufficient to make position c(f) more reac¬ 
tive than position b(g) in the dibenzo compounds. 



Scheme 8.15. Transition-state canonicals for substitution at the 5-position of benzo[/>] 
compounds and the corresponding position (c) in the dibenzo homologue. 
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Scheme 8.16. Transition-state canonicals for substitution at the 6-position (b) of benzo[6] 
compounds and the corresponding position in the dibenzo homologue. 


Attempts to predict the positional reactivity orders in these compounds 
by MO calculations have had only limited success. The problem is that 
the molecules can be considered as substituted biphenyls (8.122), in 
which case positions b and d would be the most reactive (as they are in 
fluorene). Alternatively, they can be considered as derivatives of diphe¬ 
nyl ether, etc., as in 8.123, in which case positions a and c, which are, 



( 8.122 ) ( 8.123 ) 


respectively, ortho and para to the heteroatom, would be the most reac¬ 
tive. The importance of this latter aspect should decrease for different 
heteroatoms X along the series NH > O > S, so that for carbazole it is 
possible that (in the absence of steric hindrance) the positional reactivity 
order could be c > a > b > d, as predicted by Tr-density calculations 
(Table 8.17). However, no data are available from acid-catalyzed hydro¬ 
gen exchange, the only reaction cabable of providing unambiguous infor- 


TABLE 8.17 

Calculated Positional Reactivity Order for Dibenzofuran, 
Dibenzothiophene, and Carbazole 


Compound 

Positional order 

Method 

Reference 

Dibenzofuran 

a > c > b > d 

it densities, HMO 

69IJQ33 

Dibenzofuran 

c > b > a > d 

CNDO/2 

77NKK1518 

Dibenzothiophene 

c > a > b > d 

it densities, HMO 

58CA14317i 

Dibenzothiophene 

a > c > b > d 

SCF (PPP) 

68M16 

Carbazole 

c > b > a > d 

it densities 

47TFS87 
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mation because of the freedom from steric effects. Of the other calcula¬ 
tions, only the CNDO/2 calculations for diphenyl ether predict the correct 
positional order. 

b. Reactions 

i. Acid-Catalyzed Hydrogen Exchange. Exchange rates for 
detritiation of dibenzofuran in trifluoroacetic acid have led to the partial 
rate factors shown in Scheme 8.17 (61JCS5077), from which may be de¬ 
rived the <j + values shown in Scheme 8.18 [72JCS(P2)97]. It is probable 
that the positional reactivities are reduced somewhat (of the order of 10%) 
by hydrogen bonding, which was subsequently realized to occur in triflu¬ 
oroacetic acid. However, the positional reactivity orders (viz. 2 > 3 > 4 
> 1) should not be affected by such bonding. 

For dibenzothiophene, partial rate factors and a + values have also been 
determined (Schemes 8.17 and 8.18) [61JCS5077; 72JCS(P2)97].These 
show the same reactivity order, 2 > 3 > 4 > 1, as for dibenzofuran; again 
the true values may be a little higher after correction for hydrogen bond¬ 
ing. The results show that the 2-position of dibenzofuran is more reactive 
than the 2-position of dibenzothiophene, as expected in view of the 
greater +M electron release by p-oxygen. The unexpectedly low reactiv¬ 
ity of the 4-position of dibenzofuran relative to that in dibenzothiophene 
(and not reflected in the reactivities of the ortho positions of diphenyl 
ether and diphenyl sulfide, 61JCS5077) has been explained in terms of 
strain effects [68JCS(B)1559], described fully in Section 3.A.c. It should 
be noted here that one treatment of the partial rate factors for detritiation 
of dibenzothiophene given in a review [74AHC(16)181] is mathematically 
incorrect, and leads to erroneous impressions of the reactivity. 

Rates of exchange of N-methylcarbazole with H 2 S0 4 in EtOD were 
faster at 80°C than for N-phenylcarbazole at 125°C (41JA358). This is ex¬ 
pected, providing exchange takes place at the 3-position (this was not 
ascertained). Exchange probably occurs on the free base, because if this 
were not the case the observed rates should have been somewhat closer 
in view of the greater ease of protonation of N-methyl compounds. More- 

135 


Scheme 8.17. Partial rate factors for detritiation of dibenzofuran and dibenzothiophene 
in trifluoroacetic acid at 70°C (61JCS5077). 
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Scheme 8.18. Values of <r + for dibenzofuran and dibenzothiophene. 

over, the basicity of carbazole is low because if nitrogen becomes sp 3 - 
hybridized, the molecule suffers a substantial loss of resonance energy. 

ii. Nitration. Interpretation of nitration data for dibenzofuran is 
complicated by widely differing descriptions of the melting points of the 
various isomers (discrepancies up to 20°C), suggesting that isolated frac¬ 
tions were in some cases far from pure. It is also anomalous in giving 
mainly 3-substitution under most conditions (e.g., 80% yield, together 
with some 4-isomer) with fuming nitric acid in acetic acid (30JCS2267), 
though another report gave the main by-product as the 2-isomer 
(23CB2498). Nitric acid in acetic acid gave 52% of the 3-isomer 
[82CA(96)68737] and this becomes 80% with nitric acid in trifluoroacetic 
acid (82BCJ629); fuming nitric acid gave 3,8-dinitration (74USP3792017). 
Only with ethyl nitrate/AlCI 3 /MeN0 2 is the 2-isomer predominant, though 
the yield was only 28% (82BCJ629). Nitration by nitric acid in acetic an¬ 
hydride gives 1-, 2-, and 3-isomers in the ratio of 1:2:2 (57J345; 
58JCS3079), from which partial rate factors of/, = 47, f 2 = 94, and/, = 
94 were calculated, and from the analytical method it may be calculated 
that/, is not greater than 12 [68JCS(B)1559]. It is probable that the greater 
tendency for 3-substitution may arise from hydrogen bonding to the oxy¬ 
gen since the highest yield of this isomer is obtained under the most protic 
conditions. 

Nitration of dibenzothiophene by HNO, gives oxidation to the 5,5-diox- 
ide, but with HN0 3 /Ac 2 0,40% of the 3-nitro derivative together with 40% 
of the dioxide is obtained (36JCS1435); the dioxide is also nitrated 96% 
in the 3-position (74GEP2457082). 3-Acetylaminodibenzothiophenes ni¬ 
trated in the 4-position (77%) (53JOC1492) rather than the 2-position, 
which might a priori have been expected. This result may be attributed 
to the lower energy of structure 8.124, in which conjugation in the central 
ring is uninterrupted, compared to structure 8.125. 



( 8.124) 


( 8.125) 
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Dibenzoselenophene is nitrated (nitric acid/acetic acid) 48% in the ex¬ 
pected 2-position, but also 25% in the 4-position (55JA1061), implying 
that the positional reactivity order may be different from that in the oxy¬ 
gen and sulfur analogues. 

Nitration of carbazole is straightforward and gives mainly the 3-nitro 
derivative together with some 1-isomer (24CB555; 31JCS3283). A 3-: 1- 
isomer ratio of 7:3 has been reported (84T1857). The reaction can be 
accompanied by N-nitrosation (24CB555). It has been suggested that ni¬ 
tration (and of the 1-position in particular) may occur via ^-nitration, 
followed by rearrangement, since rearrangement of A-nitrosocarbazole in 
the presence of an oxidizing agent (the N-nitro compound could not be 
prepared) gave the same 7:3 product ratio for the 3- and 1-isomers 
(84T1857). If the 9-position is blocked, higher yields of the 3-isomer are 
obtained (84T1857) (e.g., 85%from 9-ethylcarbazole) (74BSF183), though 
this could of course arise from the extra electron release to the (para) 3- 
position. 

Nitration in acetic anhydride of 9-(p-tosyl)carbazole gave the 1-, 2-, and 
3-isomers in 28, 19, and 53% yields, respectively, and for 9-acetyl- and 9- 
nitrosocarbazole these became, correspondingly, 10, 48, and 42%, and 
24, 0, and 66% (84T1857). Nitration of carbazole itself under those condi¬ 
tions gave partial rate factors of/, = 32,100; f 2 = 1100; and / 3 = 77,600 
(58JCS3079). 

The activation energies for nitration of carbazole, 9-methylcarbazole, 
and 3-nitrocarbazole have been determined as 102, 75, and 117 kJ mol -1 , 
respectively (73JPU1237), and the strong activation by the 9-methyl 
group is apparent. 

iii. Halogenation. Chlorination of dibenzofuran (Cl 2 /Fe) gives the 
expected 2-chlorodibenzofuran (36%) together with 4% of the 2,8-dichlo- 
ro derivative (55JOC657). Bromination of dibenzothiophene (Br 2 /CS 2 
gives 40% of the 2,8-dibromo derivative (47JA1920). Bromination of car¬ 
bazole with l,3-dibromo-5,5-dimethylhydantoingives37%of3-bromocar- 
bazole, and with an excess of the reagent, 68% of the 3,6-dibromo com¬ 
pound (51 Mil). Bromine in pyridine is reported (67KKZ63) to give a truly 
remarkable 100% of 3-substitution and 1% of 1-substitution! Under the 
same conditions chlorination and iodination went mainly in the 3-position 
(67KKZ63). Partial rate factors for the chlorination of A-acetylcarbazole 
have been determined as/,, 4300;/ 2 ,8600;/ 3 , 122,000;/, 8,600; and for 
carbazole itself,/, > 10 7 ;/ 3 > 10 8 [66JCS(B)521]. These results show the 
strong activation at positions ortho and para to nitrogen and are discussed 
further in Section 3.A.C. 
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iv. Alkylation and Acylation. Ethylation of dibenzofuran oc¬ 
curs in the expected 2-position (5OUSP2500732), while chloromethyla- 
tion gave 97% of 2,8-bis(chloromethyl)dibenzofuran [73CA(78)84153]. 
However, chloromethylation of dibenzothiophene gives 50% of 2,7- 
bis(chloromethyl)dibenzothiophene (76BAU2609) a result difficult to ex¬ 
plain. The hydrogen-exchange data (Section 3.A.b.i) show that the 2- and 
3(7)-positions are more nearly equal in dibenzothiophene than in dibenzo¬ 
furan. Possibly in reactions with very reactive electrophiles where the 
demand for resonance stabilization by the heteroatom is not so important, 
dibenzothiophene behaves more like a substituted biphenyl (8.122) so that 
the reactivity of the 3(7)-positions becomes relatively more important. 

Benzoylation of dibenzofuran with benzoyloxypyridine gives 98% of 
2-benzoyldibenzofuran (80S139). Benzoylation with benzoyl chloride in 
nitrobenzene at 15°C gives the partial rate factors shown in Scheme 8.19 
(77NKK1518). Benzoylation involves a slightly less reactive electrophile 
than hydrogen exchange; although the p factor for benzoylation is not 
known it will be very close to that, -9.1, for acetylation. Using this value 
gives ct + values for the 2- and 3-positions identical to those found from 
hydrogen exchange (Section 3.A.b.i). However the 1- and 4-positions are 
less reactive in benzoylation than in hydrogen exchange, as a result of 
steric hindrance. Other workers also report mainly 2-benzoylation with, 
under some conditions, 2,8-dibenzoylation of dibenzofuran (54JA6407; 
73NKK1505). 

Benzoylation of various 2-substituted dibenzofurans (NHAc, Cl, Br, 
N0 2 substituents) gave 84-95% of the 8-benzoyl derivatives (72NKK387), 
showing the poor inter-ring conjugation. With 3-substituents, 8-deriva¬ 
tives were obtained in 56-67% yield, accompanied by some 7-derivatives, 
in yields said to be 0.6% (NHAc), 31% (Br), and 3% (Cl). This wide varia¬ 
tion indicates experimental or typographical error, which may be the 
cause of the curious results for benzoylation of methyldibenzofurans 
(Scheme 8.20) (74NKK1708). Dibenzofuran is acetylated in the 2-position 
(5OUSP2500734) and with acetyl chloride/AlCl 3 /EtN0 2 at 25°C, the rela¬ 
tive rates of acetylation of toluene, dibenzofuran, and dibenzothiophene 


Scheme 8.19. Partial rate factors for benzoylation of dibenzofuran with benzoyl chloride 
t 15°C (77NKKI518). 
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Scheme 8.20. Reported isomer yields for benzoylation of methyldibenzofurans 
(74NKK1708). 


are 1 :5.94:5.34 [69AC(R)787]. The closeness of the second and third 
values implies that the dibenzofuran oxygen is partially coordinated to 
the aluminum chloride. 

Monoacetylation of dibenzothiophene occurs mainly (50%) at the 2-po¬ 
sition, together with some 4-substitution, (38JA2628). Under suitable con¬ 
ditions, 2- and 4-formylation can be obtained in a 3 :2 ratio (69AJC1963). 
Surprisingly, diacetylation gives the 2,6-disubstituted product (72JOC- 
3355) though diformylation goes in the expected 2,8-positions (77JIC- 
1151). 

Carbazole tends to be acylated under kinetic control in the 9-posi- 
tion [63CA(58)2422c; 76T2595], though 3,6-diacetylation has been re¬ 
ported from both carbazole (35JCS741) and 9-methylcarbazole (68%) 
(63CA2422d). 9-Benzoylcarbazole is further acylated in the 2-position 
(35JCS741), apparently due to electron withdrawal from nitrogen by ben¬ 
zoyl. The most recent study of the acetylation of 9-methylcarbazole with 
acetyl chloride/AlCl,/MeNO, gives 3- (79.9%), I- (3.2%), 9- (4.3%), and 
3,6-substitution (10%) [75CA(82) 16654], The activation energies for ace¬ 
tylation with acetic anhydride of 9-methylcarbazole are 20.1, 22.0, and 
23.1 kcal mol -1 for catalysis by HC10 4 , Mg(C10 4 ),, and R,SO„, respec¬ 
tively [74CA(81) 168829]. 

v. Protiodesilylation. This reaction has been used to provide the 
only complete set of reactivity data (other than those from hydrogen ex¬ 
change) for dibenzofuran and dibenzothiophene (61JCS4921). The partial 
rate factors together with that for the 3-position of 9-ethylcarbazole are 
given in Scheme 8.21. These show that, as expected, the positions para 
to the heteroatom decrease in reactivity along the series carbazole > di¬ 
benzofuran > dibenzothiophene. The results for all positions of the latter 
two compounds parallel those for hydrogen exchange (Scheme 8.16) ex¬ 
cept that the 1-position of dibenzothiophene appears to be too reactive 
in desilylation. This could be due to steric acceleration known to affect 
desilylation (for example, biphenyl gives an/„ :/ p ratio of 2.2 (61JCS4921). 
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Et 


Scheme 8.21. Partial rate factors for protiodesilylation of dibenzofuran, dibenzothio- 
phene, and 9-ethylcarbazole (MeOH-HCI0 4 ). 


If this is the cause, then it should also have enhanced the reactivity of 
the 1-position of dibenzofuran, so it seems possible that one or the other 
of these values is in error. 

vi. Other Reactions. Sulfonation of dibenzofuran occurs at the 2- 
position (49JA1593) and this takes place regardless of the presence of an 
amino or nitro substituent at the 8-position (51M13), which emphasizes 
the lack of effective inter-ring conjugation. Dibenzothiophene is sulfo- 
nated at the 2- and 8-positions [34CR( 198)2260] and the 5,5-dioxide is sub¬ 
stituted at the 3- and 7-positions (i.e., meta to sulfur) [79JCS(P2)224], Car- 
bazole is sulfonated in the 1-, 3-, and 6-positions (49CA62050, though 
under controlled conditions 83-87% of 3-, and 85-98% of 3,6-substitution 
can be achieved (50MI1). 

Thiocyanation of carbazole occurs at the 1- and 3-positions [73CA- 
(78)111049], 9-methylcarbazole is thiocyanated at the 3- and 6-positions 
[77CA(87) 151948], and 3-nitrocarbazole is thiocyanated at the 6-position 
[78CA(88) 152349]. The last result again shows the weakness of inter-ring 
conjugation. 

Mercuriation of 9-ethylcarbazole occurs at the expected 3-position and 
more readily than in dibenzofuran (at the 4-position) (36JOC146). Metalla- 
tion with alkyliithium goes into the position nearest to the heteroatom 
[i.e., the one most activated by the -/ (inductive withdrawal) effect] 
(38JOC120). Lithiation at the 4-position (ortho to the heteroatom) is more 
rapid for dibenzofuran than for dibenzothiophene, which in turn is more 
reactive than 9-phenylcarbazole (39JA951; 40JA2606; 41JA2479; 
45JA877). Reported yields of the 4-lithio derivative are 62% for dibenzo¬ 
thiophene (41JA2479) and 73% for dibenzoseienophene (54JA5775). 9- 
Ethylcarbazole is lithiated in the 1-position as expected. However, 9-phe- 
nylcarbazole is dilithiated not in the expected 1,8-positions but rather in 
the 2'- and 6'-positions of the phenyl ring (25%) (43JA1729). This is proba¬ 
bly because steric hindrance will force the phenyl ring orthogonal to the 
plane of carbazole so that there will be little conjugative electron release 
from nitrogen to the phenyl ring to outweigh the (conformation-indepen- 
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dent) -/ effect of nitrogen; by contrast electrons may still be released 
conjugatively to the 1- and 8-positions of the carbazole ring. 

c. Quantitative Aspects of the Reactivity Data 

i. Comparison of the Reactivities of Benzo[b] and Diben- 
Zo[b,d] Compounds . At present this comparison is possible only for 
the sulfur compounds, using the hydrogen exchange data from Schemes 
8.3 and 8.18 (Scheme 8.22). The reactivity of positions c and d (see 8.119) 
is effectively the same in both molecules. Position b is less reactive in 
dibenzothiophene for reasons described in Section 3.A.a. The higher re¬ 
activity of position a in dibenzothiophene may be due to the fact that this 
is the site most susceptible to the -/ (inductive withdrawal) effect of 
sulfur, and in the dibenzo compound sulfur can satisfy its demand for 
electrons from two rings rather than one. 

ii. The Effect of Strain on the Positional Reactivities. The 
a-position of the benzene ring in indane has long been known to be sub¬ 
stantially less reactive than the a-position of tetralin (the Mills-Nixon 
effect). This has been explained in terms of strain since two-thirds of the 
canonicals representing the transition state for a-substitution have a dou¬ 
ble bond in the five-membered ring as opposed to one-third of those for 
P-substitution (and one-half of those representing the ground state) (see 
Scheme 8.23) (65T1665). Taylor showed that this argument could be ex¬ 
tended to strained aromatics in general [e.g., benzocyclobutene, biphenyl- 
ene, triptycene [67JCS(B)780; 68CI, 68JCS(B)1402; 71JCS(B)536], 
benzo-1,3-dioxole [72MI2(243)], and fluoranthene [77JCS(P2)866]], and 
also to the dibenzo derivatives of the five-membered heterocycles 
[68JCS(B)1559]. 

The partial rate factors given in the preceding sections are gathered in 
Table 8.18, along with, for comparison, those for fluorene (8.126, X = 
CH 2 ) and the open-chain analogues (8.127) in the same reactions 
[68JCS(B)1559]. Position a in 8.126 is a to the five-membered ring and 



Scheme 8.22. Values of v* for comparable positions in benzo[t>]thiophene 
and dibenzothiophene. 
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a-Substitution: 





xx ) 

Scheme 8.23. Canonicals representing the transition state for a- and 0-substitution in 
benzene ring adjacent to a cyclic substituent. 


position c is 3 to it. They each correspond to positions a and c in 8.127, 
differing only in that a and c in 8.126 are each meta to the second bridge, 
which should therefore produce a constant effect at each. The effect of 
closing the ring may therefore be quantitatively assessed by comparing 
the ratios log/ a : log/ c in 8.126 and 8.127. Reference to Table 8.18 shows 
the following results. 

(1) In every case the ratios are smaller in 8.126 compared to 8.127. This 
indicates that position a in 8.126 has attenuated reactivity because of the 
increase in strain accompanying formation of the transition state for reac¬ 
tion at this site. 

(2) Where the ratios have been determined for the same reaction for 
compounds with different heteroatoms, the decrease in the ratio on form¬ 
ing the ring is smaller for the sulfur compounds (in which the five-mem- 
bered ring is less strained) than for the corresponding compounds where 
X is O or CH 2 . Thus, in detritiation the ratio decreases by 28% (CH 2 ), 
22% (O), and 11% (S), and in desilylation by 104% (O) and 31% (S). 

(3) Similar comparisons of the reactivities of positions b and d should 
reveal a similar reduction of the log / d : log f, ratio in 8.126 compared to 
biphenyl 8.128. The comparison is less unequivocal here because (1) there 
is a very large reactivity difference between the two sets of positions and 
(2) differences in coplanarity between biphenyl and the dibenzo com- 



(8.126) ( 8.127, X = CH^O.S.NH ) (8128) 



Partial Rate Factors 


8.18 


for Electrophilic Substitutions 


Reaction 

X 


Compounds of structure 8.126 


Compounds of structure 8.127 


Partial ra 

te factors 


log/,: log/ c 

Partial rate factors 

log/,: log f c 

a 

b 

c 

d 

a 

b 

c 

Detritiation 

ch 2 

21 

17,000 

125 

5,500 

0.63 

47 

3.8 

117 

0.81 


o 

160 

313 

3,670 

135 

0.62 

6,930 

— 

30,000 

0.86 


s 

362 

430 

1,830 

272 

0.785 

3,300 

— 

9,830 

0.88 

Desilylation 

o 

0.9 

2.4 

19.2 

0.65 

-0.02 

8.7 

— 

88.5 

0.48 


s 

1.15 

2.0 

6.25 

5.5 

0.077 

1.30 

— 

10.7 

0.111 

Nitration 

CHj 

* 

2,040 

60 

940 

— 

13 

— 

32 

0.74 


0 

<12t 

94 

94 

47 

0.65 

117 

— 

234 

0.88 


NH 

32,100 

1,100 

77,600 

— 

0.92 

837,000 

— 

575,000 

1.03 

Molecular 

CH 2 

— 

300,000 

— 

39,000 

— 

— 

— 

— 

— 

chlorination 

NAc 

4,300 

8,600 

122,000 

8,600 

0.715 

6,200 


24,200 

0.865 


*The correlations in this table indicate a value of 10-15 for/, for fluorine in nitration. 

tNo substitution was detected at this position. The value given is the maximum that could apply without the is 


being detected. 
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pounds may affect the relative conjugative electron release to the ortho 
and para positions, as well as steric acceleration in desilylation. Never¬ 
theless, the majority of results give lower values of log/ d : log/ b in 8.126 
compared to biphenyl [68JCS(B)1559]. 

B. Molecules Containing Two or More Heteroatoms 

There have been few studies of the reactivity of molecules in this class. 
Calculations (it density) indicate that the positional order in naphtho- 
[2,3-c]-l,2,5-thiadiazole (8.129 X = S), is 4 > 6 > 5, whereas localization 
energies and frontier electron densities predict 4 > 5 > 6 [66TCA(5)401]; 
the high reactivity of the 4-position follows from the benzenoid character 
generated in the transition state (8.130). CNDO/2 calculations for naph- 
tho[2,3-c]-l,2,5-oxa-, -thia-, and -selena-diazoles (8.129, X = O, S, Se) 
predict the order 6 > 4 ^ 5 (73CHE133I). For the corresponding [1,2-c] 
compounds (8.131) the order is predicted by the same method to be in 
each case 8 > 4 > 6. For the oxadiazole (8.131, X = O) the positions of 
substitution are 4 and 8 (chlorination and sulfonation) and 4 and 6 (nitra¬ 
tion) (73CHEI331). Reports for the thiadiazole (8.131, X = S) disagree, 
bromination and sulfonation apparently giving 8-substitution (73CHE1331), 
whereas nitration gives 7 > 4 [72CA(77)I0I477], and halogenation gives poly¬ 
substitution [72CA(77) 126512]. It is possible that the extent of proton¬ 
ation at nitrogen under the various conditions will affect the isomer 
distribution. 



8 9 i 7 8 


( 8.129, X=0,S,Se) (8.130) ( 8.131,X = 0, S, Se ) 

Calculations predict the most reactive sites in thieno[2,3-fo]quinoline 
(8.132) to be the expected 2- or 3-positions [77ZN(B)1331], but there is 
little agreement on the positional reactivity order in 6-methylindolo- 
[2,3-/>]quinoxaline (8.133) (84CHE687). tt Densities predict the order 7 > 
9 > 1 (Hiickel) or 7 > 9 > 3,4 (CNDO/2), localization energies (Hiickel) 
predict 4 > 7 > 1, superdelocalizabilities predict 4 > 1 > 7, and frontier 
electron densities predict 1 > 4 > 3 (Hiickel) or 4 > 1 > 2 (CNDO/2). 
The observed nitration and bromination at the 9-position serve to under¬ 
line the inadequacy of all these theoretical methods. Localization ener¬ 
gies predict that pyrrolo[l,2-a]quinoxaline (8.134) should have a posi- 
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tional reactivity order 1 > 3 > 6 > 2 [71JCS(C)2018]; the high reactivity 
of the 1- and 3-positions again follows from the increase in aromaticity 
on going to the transition state. The 1-position is the most reactive in 
sulfonation, bromination, and chlorination, but the 3-position is slightly 
more reactive than the 1-position in iodination and nitration [67JCS(C)- 
1164; 68J(C)2848]. 


I 2 



(8.132) (8.133) (8.134) 


The log rates of base-catalyzed deuteration at 50°C of N-methylnaph- 
thoimidazole derivatives 8.135-8,137 are as shown (77CHE1235). Naph- 
tho[2,3-d]-l-methylimidazole (8.135) is therefore more reactive than 
1-methylbenzimidazole (for which log k is -4.1), whereas naphtho- 
[2,1 -d\- and -[ 1,2-</]- 1-methylbenzimidazoles (8.136, 8.137) are less reac¬ 
tive. This probably derives from the C-2—N bond order in the five-mem- 
bered rings being greater in 8.135 (since the ring is not fully aromatic) 
than in 8.136 and 8.137. Electron withdrawal by N-3 from C-2 will be 
greater in the former, thereby increasing stabilization of the carban- 
ionic transition state. 



(8.135) ( 8.136) ( 8.137) 


Benzothieno[3,2-c(]pyrimidine (8.138) is said to be brominated and ni¬ 
trated exclusively at the 8-position in 48 and 80% yield, respectively 
(80JHC1399), though 6,8-disubstitution had been reported earlier 
(72T3277). Disubstitution also occurred with the 2- and 4-oxo derivatives. 
Thieno[2,3-6]quinoline (8.132) is brominated and iodinated at the 3-posi- 
tion, gives a 2,3-addition product with chlorine, and is nitrated at the 2- 
and 3-positions [80JCR(S)20t], in agreement with the calculations above. 
Pyrido[l,2-a]benzimidazole (8.139) is nitrated at the 8-position (55J3275); 
this position is expected to be strongly activated because the transition 
state (8.140) gains as well as loses benzenoid resonance compared with 
the ground state (8.139). 
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(8.138) (8.139) 



Thieno[3,2-/]quinoline (8.141) is nitrated, brominated, and acetylated 
in the 2-position in 80, 57, and 29% yield, respectively [70JCS(C)2334]. 
The corresponding N-oxide is nitrated in the 8- and 9-positions 
[79IJC(B)342], The bromination of 5-triazolo[3,4-fl]isoquinoline (8.142) in 
the 3-position [74CA(80)3443] is expected because the transition state will 
have increased benzenoid character. Nitration, however, occurs at the 7- 
and 9-positions (75CB3762) almost certainly due to N-l or N-2 proton¬ 
ation, and chlorine adds across the high-order 5,6-bond (71CB3925). 
Naphtho[l,2-r/Jimidazole (8.143) is brominated in the 5-position (i.e., para 
to NH) (54ZOB488). 



4. Compounds with Two Five- and One Six-Membered Ring 

Potentially there are a very large number of molecules in this section; 
they fall into four main categories. 

(1) Linear tricycles, in which a six-membered ring is flanked by two 
five-membered rings (e.g., 8.144, 8.145) to give analogues of anthracene. 
These compounds are not very stable because of the unfavorable bond 
fixation in one of the five-membered rings. 



(8.144) 


(8.145) 
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(2) Angular tricycles which are the corresponding analogues of phen- 
anthrene (e.g., 8.146-8.148); these compounds are more stable than those 
in group (1) above. 



(8.146) (8.147) (8.148) 


(3) Compounds in which a five-membered ring is flanked by one five- 
and one six-membered ring (e.g., 8.149, 8.150). 



(8.149) (8.150) (8.151) 


(4) Analogues of cycl[3,2,2]azine (8.151), in which all three rings are 
mutually fused. 

For unsubstituted structures 8.144-8.150 alone (with X = O, S, Se, or 
NH) the number of compounds is 29 if both heteroatoms X are identical, 
but if the heteroatoms are different it rises to 89. If there are two or more 
heteroatoms in any one of the three rings then the number of compounds 
becomes very large indeed. However, there have as yet been very few 
studies of the reactivities of any of these molecules. 

Different nomenclature systems are in use and a given molecule may 
be described (e.g., in Chemical Abstracts ) under different names. For 
example, compound 8.146 (X = S) has been described as benzo[l,2 -b : 
4,3-6']dithiophene, but this name (used in order to match the number- 
letter sequence in square brackets with the ring fragments) is misleading 
since it clearly is not a dithiophene, such a name being more appropriate 
to compounds of type (3) above. On the other hand, the more meaningful 
name dithieno[ 1,2-6 : 4,3-6']benzene (cf. dibenzothiophene, etc.) has the 
number-letter sequence the wrong way around (though there seems no 
reason why [6-1,2] etc. could not come into general use). A more rigorous 
name is thieno [2',3': 1,2]benzo[4,3-6]thiophene, and thieno[3,2-e][l]- 
benzothiophene could also be used. 
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A. Acid-Catalyzed Hydrogen Exchange 

The only quantitative and comprehensive determination of the reactiv¬ 
ity of molecules in this section has been through hydrogen exchange of 
the dithienobenzenes (8.146-8.148, X = S) and of cycl[3,2,2]azine 
(8.151). For detritiation in anhydrous trifluoroacetic acid at 70°C, the par¬ 
tial rate factors (corrected for hydrogen bonding) for the dithienoben¬ 
zenes are as shown in Scheme 8.24 and the corresponding a + values cal¬ 
culated from these are given in Scheme 8.25 [83JCS(P2)813]. Hydrogen 
bonding produces attenuation of the rate of exchange in TFA by an 
amount similar to that found with thienothiophenes and in general there 
is a parallel between the extent of hydrogen bonding and the number of 
sulfur atoms present in the heterocycle (see Section 6 for tabulated data). 

The data in Schemes 8.24 and 8.25 show the following results. 

(1) The positional reactivity order in each molecule is sulfur a > (3 > 
positions in the benzene ring. 

(2) Relative to thiophene and benzo[6]thiophene the order of reactivity 
at the a-position to sulfur is thiophene > dithienobenzenes > benzo[6]thi- 
ophene, and at the p position is dithienobenzenes > benzo[6]thiophene 
> thiophene. 

(3) In compound 8.147 (X = S) the lower reactivity of the 5-position 
(cr + = -0.645) compared to the 4-position (ct + = -0.70) reflects the 
lower reactivity of the 7-position in benzo[6]thiophene compared to that 
of the 4-position. 

The fact that the a > p reactivity order parallels that in thiophene 
rather than benzo[6]thiophene has also been observed in nitration and 
bromination [77CS( 12)97], and was regarded as being explicable only by 
“sophisticated MO methods.” However this is not necessary. Reference 
to Scheme 8.1 shows that in benzo[i]thiophene, 3-substitution is favored 
over 2-substitution because both canonicals for the former are benzenoid, 
whereas only one is for the latter. If, however, a second thiophene ring 
is fused to the benzene ring, then because of the bond fixation in thio¬ 
phene, the nonbenzenoid canonicals for 2-substitution become much 
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Scheme 8.25. Values of <r’ for detritiation of dithienobenzenes in TFA. 


more stabilized (e.g., as in 8.152). Moreover the charge in the benzenoid 
ring can be delocalized into the second thiophene ring, and onto sulfur in 
particular (e.g., 8.153). By contrast, for 3-substitution no delocalization of 
charge into the second thiophene ring is possible. Both factors therefore 
combine to produce preferential a-substitution. 



(8.152) (8.153) 

Both ir-densities and localization energies have been calculated for 
these molecules by the Hiickel method with 0 CS = 0.6 and a s = a c (i.e., 
h = 0) (Table 8.19). Each position is assigned a number, and for the corre¬ 
spondence of these to the positions as given in (8.146-8.148), see Table 


TABLE 8.19 


HCickel Localization Energies and h-Electron Densities 


Compound 

Position 

No. 

ir Densities 

AV/-p° 

8.146, X = S 

1 

1 

1.176 

1.877 


2 

2 

1.119 

1.745 


4 

3 

1.060 

2.063 

8.147, X = S 

2 

4 

1.120 

1.740 


3 

5 

1.175 

1.840 


4 

6 

1.064 

1.996 


5 

7 

1.060 

2.043 


7 

8 

1.117 

1.732 


8 

9 

1.177 

1.848 

8.148, X = S 

2 

10 

1.120 

1.756 


3 

II 

1.174 

1.862 


4 

12 

1.063 

2.043 


" For benzene the value is 2.536. 
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8.19. Comparison of the observed and predicted reactivity orders are as 
follows. 

Observed: 8> 10>2>4>5>9> 11 > 1 >6>3>7> 12. 

Predicted (localization energies): 8>4>2> 10 > 5 > 9 > 11 > 1 > 
6 > 7 = 12 > 3. 

Predicted (t r densities): 9> 1 >5> 11 > 10>4>2>8>6> 12> 
3 = 7 

It is evident that localization energies are excellent for predicting the 
results here (and are totally within a given molecule) whereas t r densities 
are very poor. Localization energies also correctly predict (using the 
same parameters) the reactivity order in thiophene, the thienothiophenes 
(Section 5) and the dithienothiophenes (Section 6). By contrast for benzo- 
[ijthiophene (Section 2), only -it densities correctly predict the overall 
order whereas neither method works for dibenzothiophene (Section 3). 
Other 7r-density calculations for the dithienobenzenes [69ZN(B)12] also 
fail. 

For cycl[3,2,2]azine (8.151) the partial rate factor for detritiation of the 
1-position in trifluoroacetic acid at 70°C has been determined as 4.34 x 
10 13 , the cr + value being -1.56 [87JCS(P2)591 ]. The high reactivity of 
cycl[3,2,2]azine is due, as in the case of idolizine, to formation of a pyridi- 
noid ring in the transition state (8.154) [87JCS(P2)591]. However, the 1- 
position is 445 times less reactive than the corresponding position in idoli¬ 
zine (cf. 8.63, and Table 8.13). This may be attributed to the greater 
ground-state stability of cycl[3,2,2]azine, which has two Kbr-electron cir¬ 
cuits, whereas indolizine has only one [87JCS(P2)591]. 



B. Other Reactions 

There are insufficient data to permit a general description of the reactiv¬ 
ity patterns, which are particularly dependent upon the combination of 
heteroatoms and their positions. -ir-Density calculations have been carried 
out for a few molecules (in addition to those given in Table 8.19). Values 
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1.0029 

iaa \J 


1.0030, 
10,3 1.0025 


1.0019 S 
( 8.155) 


.1.0)06 

.0096 


for thieno[2,3-6][l]benzothiophene (8.155) and thieno[3,2-6][l]benzothio- 
phene (8.156) were calculated with the parameters (3 CS = 0.6, h = -0.1, 
and these calculations predicted 2-substitution, as found in acylation, bro- 
mination, nitration, and metallation [though the latter depends upon the 
-/(inductive withdrawal) effect of sulfur] [71JCS(C)463, 71JCS(C)1308]. 
The high bond order causes 2-bromination and 2-acylation of the 3-methyl 
derivatives, and 3-bromination of the 2-methyl derivatives. 3-Acetylation 
of 3-methylthieno[2,3-6][ 1 Jbenzothiophene was accompanied by some 6- 
acetylation [71JCS(C)1308], which may be attributed to the high steric 
hindrance to acetylation. Nitration of 2-formylthieno[2,3-6][l]benzothio- 
phene took place at the 2-position (nitrodeacylation) and this is attribut¬ 
able to the high conjugative deactivation of the 3-positions arising from 
the high 2,3-bond order. 

Bromination, acylation, and nitration of selenolo[2,3-6][l]benzo- 
thiophene (8.157) and thieno[2,3-6][l]benzoselenophene (8.158), and 
their [3,2 -b] isomers take place preferentially at the 2-positions 
[76CA(84)135510]. Acetylation of l-methyl[l]benzofuro[3,2-6]pyrrole, 
and the thieno and selenolo analogues (8.159, X = O, S, or Se) gave the 
following isomer yields: 100% (2-position), 0% (3-position) (X = O); 32% 
(2), 68% (3) (X = S); 42% (2), 58% (3) (X = Se). For the [2,3-6] isomers 
(8.160, X = S, Se), the yields were 66% (2) and 34% (3) in each case 
(83JHC61). These results appear to demonstrate that for compounds 
8.160, conjugation between oxygen and the 2-position (8.162) outweighs 
the preferential direction into the 3-position by the NMe group. However, 
for compounds 8.159, this resonance disrupts the 6 tt benzenoid ring in 
the transition state (8.161) so conjugative electron release from S or Se is 
insufficient to produce 2-substitution. By contrast, in 8.162 there is no 
loss of the 6-ir structure so conjugation here will be stronger, hence both 
S and Se compounds give preferential 2-substitution. Bromination and 
acylation at the 2-position of 4//-furo[3,2-6]indole (8.163) is aided by N- 
benzoylation. For the N-benzoyl derivative, the yields of 2-derivatives 
were 61% (bromination), 57% (benzoylation), and 43% (acetylation) 
(78JHC123). 
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ir-Density calculations for l//,5//-pyrrolo[2,3-/]indole ( 8 . 164 ) and 
3//,6//-pyrrolo[3,2-c]indole ( 8 . 165 ) indicate 3,7- and 1,8-substitution, re¬ 
spectively, as found in acylation and diazonium coupling (83CHE871). 
MO calculations indicate that the 1- and 3-positions are the most reactive 
ones in 4//-pyrrolo[l,2-a]benzimidazole ( 8 . 166 ) (74CHE230). The same 
result is more easily deduced and understood as follows. Although the 
lone pair on N-4 can be delocalized to the 1-, 3-, 5-, or 7-positions, the 
important factor is delocalization of the lone pair from N-9 to the 1- and 
3-positions (e.g., as in 8 . 167 ). Although the 6ir pyrrole ring of the ground 



(8.164) (8.165) (8.166) 



(8.167) 
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state is lost in the transition state, a 6-it imidazole ring is gained, 
so the transition state will be stabilized, and substitution at the 1- and 3- 
positions will be very easy. Substitution at the 1-position involves the 
maximum delocalization of the N-9 lone pair, so this position should be 
the most reactive, as found in acylation [67CHE723; 69CA(70)68249] and 
nitrosation [71CA(74)76377]. Deuteriation also takes place at the 1- and 
3-positions (76CHE64) and the 1,3-dimethyl derivative is preferentially 
protonated at the 1-position (though the 1-methyl and 3-phenyl deriva¬ 
tives are preferentially protonated at their 3-positions) (72CHE1023). The 
selectivity of the protonation position was temperature dependent 
(76CHE64), so that both kinetic and thermodynamic factors are involved. 
Nitration of 4//-pyrrolo[l,2-a]benzimidazole has not been achieved, pre¬ 
sumably because under nitrating conditions protonation with consequent 
deactivation occurs. By contrast the 1- and 3-acetyl derivatives are 
readily nitrodeacylated [71CA(74)76377]; here conjugation between the 
nitrogen lone pairs and the acetyl groups will substantially reduce the 
basicity and hence the extent of N-protonation. 

Conjugation from the bridgehead nitrogen without loss of aromaticity 
in the transition state is evidently responsible for the 1-substitution of 2- 
phenylpyrrolo[2,l-6]benzothiazole ( 8 . 168 ) (67G1286), 3-substitution of 2- 
phenylimidazo[2,l-/j]benzothiazole ( 8 . 169 ) (67G1286), 1-substitution in 3- 
phenylimidazo[5,l-6]benzothiazole ( 8 . 170 ) (66CHE210), 1-substitution in 
3-phenylimidazo[5,l-6]benzimidazole ( 8 . 171 ) (72KFZ22), 3-substitution 
in 1 -phenylimidazo[5,1 -6]benzimidazole ( 8 . 172 ) (73CHE366), 3-substitu- 
tion of 2-alkylpyrazolo[2,3-u]benzimidazole ( 8 . 173 ) (68USP3369897), and 
3-substitution of 1,3,4-triazolo[3,4-6]benzothiazole ( 8 . 174 ) (70CHE849). 
Likewise, isoindolo[ 1,2-6]benzothiazoles ( 8 . 175 ) substitute where shown 
(63JGU1946). 
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( 8174 ) ( 8 - 175 ) 


Benzo[l,2-</:4,5-d']diimidazole ( 8 . 176 ) is halogenated in the 4- and 8- 
positions (50JCS1515; 52JGU1069; 58JGU2214) and nitrated in the 4-posi- 
tion (52JGU1069); this may be attributed to both strong deactivation of 
the 2-position by N-3 due to the high 3,2-bond order, and also to delocal¬ 
ization of the lone pair from N-l to C-4 to give the transition state 8 . 177 . 
This latter has lost a 6ir benzenoid ring, but gained a 6ir imidazole ring 
and is therefore particularly stable. Similar reasoning accounts for the 4- 
nitration and 4,5-dibromination of benzo[l,2-d: 3,4-</']diimidazole ( 8 . 178 ) 
(73CHE95). 



( 8 . 176 ) ( 8 . 177 ) ( 8 . 178 ) 


Nitration of the dithienobenzene 8.146 (X = S) gave 59% 4-, 35% 2-, 
and 6% 1-substitution, and bromination gave the 2- and 1-derivatives in 
a 5:3 ratio [77CS( 12)97]. The bromination result is consistent with the 
hydrogen-exchange data and ct + values given above (Schemes 8.24,8.25), 
but the nitration is anomalous, as is often the case. By contrast, both 
nitration and bromination of 8.148 (X = S) gave mainly the 2-derivative, 
as required by the ct + values. Further bromination went into the 7-, 3-, 
and 6-positions, in that order. 

Acetylation of 2,3-dimethylthienofurobenzene ( 8 . 179 ) differs from the 
above results in going into the 5-position of the benzene ring 
(65BSF1473); this finding is attributable to the strong para activation by 
oxygen. Nitration of benzothieno[3,2-/?][l]benzothiophene ( 8 . 180 ) goes 



( 8 . 179 ) 


( 8 . 180 ) 
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into the 3- and 5-positions (80JOU391) but it is not certain that this shows 
these to be the sites of highest electrophilic reactivity (cf. nitration of 
benzo[b]thiophene, Section 2.B). 

There have been two studies of molecules containing one seven- and 
two five-membered rings. Deuteration, acylation, nitration, and haiogena- 
tion of 2-phenylcyclohepta[4,5]pyrrolo[l,2-a]imidazole (8.181) occurred 
in the 3- and 10-positions, as predicted by it densities. The it values (posi¬ 
tions) are 1.22 (10), 1.10 (3), 1.07 (2), and <1.0 (others) [84JCR(S)390]. 
Hydrogen exchange showed the 10-position to be the most reactive, 
though the more sterically hindered nitration and acylation occurred pref¬ 
erentially at the 3-position. The high reactivity of the 3- and 10-positions 
arises because both are conjugated with N-4; in addition, substitution at 
the 10-position creates a 6ir aromatic ring in the transition state (8.182). 
Deuteration of some dithieno- and furothieno-annelated tropylium ions 
(8.183, 8.184) took place at the heterocyclic 3-positions, as predicted by 
tt densities (73ACS2257). 



(8.183,X=0,S) (8.184, X=0,S) 


5. Compounds with Two Five-Membered Rings 

Most work has been concerned with molecules of types 8.185-8.188, 
and in particular the thienothiophenes, selenolothiophenes, and selenolo- 
selenophenes, (8.185-8.187). Many MO calculations have been carried 
out, and all of them are unsatisfactory in some respect. For example, -it 
densities (calculated by the SCF-CNDO/2 method) indicate that, as ex¬ 
pected, the 2-positions of 8.185 and 8.186 should be more reactive than 
the 3-positions; however, the 3-positions are predicted to be deactivated, 
which is incorrect. Positions a and 3 to selenium were predicted be be, 
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(8.185) (8.186) (8.187) 


respectively, more activated and more deactivated than those a and 3 to 
sulfur. For compounds 8.187, the positional order is predicted by charge 
densities to be 4 >> 6 > 2 > 3, and by localization energies to be 4 > 6 
> 2 > 3 regardless of the nature of X and Y (80CHE142; 81BAU1089); 
other workers give the order (for X = Y = S)as6>4 = 2>3 
(70ACS23). Since reaction at positions 4 or 6 involves no loss of aromatic¬ 
ity on forming the transition state (e.g., 8.189), these positions should be 
the most reactive, the order 4 > 6 being expected since the former posi¬ 
tion is conjugated with the heteroatom at the l-position; the 2 > 3 posi¬ 
tional order is expected because position 2 is conjugated with the hetero¬ 
atom at the 5-position. 

For 4tf-furol[3,2-6]pyrrole ( 8 . 185 , X = O, Y = NH) tt densities predict 
the order 6 > 3 > 2 > 5 (the 5-position being deactivated) (80CCC2949). 
However, a 5-phenyl substituent was predicted to deactivate the 6- 
position, which is almost certainly wrong. More reasonable seem the it 
densities (SCF) which predict the orders 5 > 6 > 3 > 2 for 4H- 
thieno[3,2-6]pyrrole ( 8 . 185 , X = S, Y = NH), 5 > 4 > 3 > 2 for 6 H- 
thieno[2,3-6]pyrrole ( 8 . 186 , X = S, Y = NH), and 6 > 4 > 3 > 2 for 
5//-thi-eno]2,3-c]pyrrole ( 8 . 187 , X = S, Y = NH), all positions being 
activated (71T4045). However, the reliability of these calculations must 
be considered with the fact that they also predict the 2-position of thio¬ 
phene to be more reactive than the 2-position of pyrrole. Total electron 
densities (ab initio ) predict the reactivity order in 4//-thieno[3,2-fe]pyrrole 
and 6//-thieno[2,3-b]pyrrole tobe2>6>3>5 and 2 > 4 > 3 > 5, 
respectively. This method predicts the 3-positions of both pyrrolopyr- 
roles ( 8 . 185 , 8 . 186 , X = Y = NH) to be the most reactive [85JCS(P2)97], 

tt Densities (SCF) indicate that the most reactive sites in l//-pyr- 
rolo[ 1,2-a]imidazole (8.190), l//-pyrrolo[l,2-fc]-sym-triazole (8.191), 
l/y-pyrrolol2,l-c]-iym-triazole (8.192), and lH-pyrrolo[l,2-a]imidazole 



(8.188) 


(8.189) 


(8.190) 
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( 8 . 193 ) are as indicated (74CHE230). These positions are comparable to 
the 1 - and 3-positions of indolizine ( 8 . 61 ) and are very reactive for similar 
reasons [i.e., in the transition state for reaction (e.g., 8 . 194 ), there is no 
loss of aromaticity since both 8.190 and 8.194 each contain one com¬ 
pletely conjugated 6ir five-membered ring]. The relative resonance stabili¬ 
zation should not be so great as with indolizine, so the reactivity should 
be lower, but there are as yet no quantitative experimental data with 
which to confirm this prediction. 



(8.191) (8.192) (8.193) (8.194) 

The ability of thienothiophenes and selenoloselenophenes to transmit 
substituent effects has been determined by 'H and ,3 C NMR, and also 
calculated by the CNDO/2 method [82CS(20)208; 83CS(22)22]. As ex¬ 
pected, resonance effects are better transmitted between the 2- and 5- 
positions in 8.185 than in 8 . 186 , since only in the former is direct conjuga¬ 
tion between these positions possible. Both resonance and inductive/field 
effects were greater in the sulfur- relative to the selenium-containing com¬ 
pounds, but in general, replacement of sulfur by selenium caused only 
minor perturbations of data, which follows from the fact that the main 
mode of transmission of substituent effects in five-membered heterocy¬ 
cles must be via the carbon chain (cf. Chapter 6, Section 9.C). 

For selenolo[2,3-f>]selenophene ( 8 . 186 , X, Y = Se) comparisons of the 
transmissions of substituent effects between the 2-position on the one 
hand, and the 3-, 4-, and 5-positions on the other, showed the following 
generalizations. 

(1) Field/inductive and resonance effects are both transmitted most ef¬ 
fectively between the 2- and 3-positions. This is as expected. 

(2) The field/inductive effect is greater between the 2- and 5-positions 
than between the 2- and 4-positions. 

(3) The resonance effect is greater between the 2- and 4-positions than 
between the 2- and 5-positions. This is explained in terms of the weak 
conjugative interaction arising from structure 8 . 195 , there being no com¬ 
parable interaction between the 2- and 5-positions. Additional MO calcu¬ 
lations are described under hydrogen exchange below. 

(8.195) 



Sec. 5.A] 


COMPOUNDS WITH TWO F1VE-MEMBERED RINGS 


265 


- -7.8 

O 


7-88X10 

I75XI0 7 


759XI0 5 

7.18X10^ 


CO 6 * 3 ”’ CO 

e factors for detritiation of thiophene and thienothiophenes ir 


A. Acid-Catalyzed Hydrogen Exchange 


Detritiation in trifluoroacetic acid at 70°C has provided the only fully 
quantitative data for two fused five-membered rings; partial rate factors 
and ct + values for thienothiophenes are given in Schemes 8.26 and 8.27, 
respectively, along with data for thiophene obtained under the same con¬ 
ditions [82JCS(P2)295]. These values were corrected for the effect of hy¬ 
drogen bonding, which is more severe in the thienothiophenes than in the 
thiophene. It has been found that, in general, the extent of hydrogen 
bonding parallels the number of sulfur atoms in the heterocycle. The re¬ 
sults demonstrate a number of features. 

(1) As in thiophene, the a-positions are in each case more reactive than 
the p-positions. 

(2) At both a- and (3-positions the thienothiophenes are more reactive 
than thiophene. 

(3) At both positions the [2,3 -b] isomer is more reactive than the 
[3,2 -b] isomer. 

(4) The relative reactivities at the a-position of thieno[2,3-6]thiophene 
( 8 . 186 , X = Y = S), thieno[3,2-h]thiophene ( 8 . 185 , X = Y = S) and 
thiophene are 7.4:7.0:1.0; for the p-position the corresponding ratios 
are 9.6 :7.0: 1.0. The former rates are in excellent agreement with those 
(viz. 7.8:7.1 : 1.0) obtained for dedeuteriation in TFA at 25°C 
(70JGU1609), although this is partly fortuitous since the effect of the 
higher p factor under the latter conditions and the absence of correction 
for hydrogen bonding cancel each other out. In dedeuteriation, the rela¬ 
tive reactivities of the p-position of the thienothiophenes (determined for 
the a,a'-diethyl derivatives) (70JGU1609) were also in the order found 
for detritiation. 




Scheme 8.27. Values of <r + for detritiation of thiophene and thienothiophenes in TFA. 
"Owing to a typographical error this was given as -0.50 in the original paper. 
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(5) The higher reactivity at the a-position of the [2,3 -b] isomer can be 
readily understood because conjugation between sulfur and the 2-position 
in the transition state involves less disturbance of the ground-state bond 
structure than is the case for the [3,2 -b\ isomer (cf. 8.196 and 8 . 197 ). Thus 
the “substituent” interaction factor A f is higher for 8.196 than for 8.197 
[79JCS(P2)381], 

cc* a> 

+ 

(8.196) (8.197) 

(6) Comparison of the positional reactivities for detritiation with those 
obtained in other electrophilic substitutions (Table 8.20) [82JCS(P2)295] 
shows good agreement with the results for acetylation (which has a simi¬ 
lar p factor, -9.1, to that for the detritiation, -8.75) but disagreement 
with the chlorination and formylation data [72CS(2)137]. These latter give 
the reactivities of the a-positions of the thienothiophenes as the reverse of 
that in detritiation. Since chlorination and formylation have substantially 
higher p factors than acetylation or detritiation (compare the last column 
in Table 8.20), the transition states for the former will be nearer to the 
Wheland intermediate. It appears, therefore, that thieno[3,2-6]thiophene 
is more polarizable than thieno[2,3-6]thiophene. 

(7) Hiickel calculations of localization energies (p cs = 0.6, a s = a c ) 
give the positional orders as 2 (thiophene) > 2 [3,2 -b] > 2 [2,3 -b] 
> 3 [2,3 -b] > 3 [3,2-6] > 3 (thiophene).[82JCS(P2)295]. The reactivity of 
the 2-position of thiophene is clearly predicted incorrectly, and the order 
for the 2-positions of the thienothiophenes reflects that found for chlorina¬ 
tion and formylation, which have transition states nearer to the Wheland 
intermediate. (Localization energy calculations assume, of course, that 


TABLE 8.20 

Relative Reactivity of Thienothiophenes in Electrophilic Substitution 


Reaction 

Thiophene 

T[2,3-i>]T 

T[3,2-fc]T 

2-T[2,3-6]T/2- 

Thiophene 

2- 

3- 

2- 

3- 

2- 

3- 

Acetylation 

200 

1 

634 

6.3 

594 

4.8 

3.17 

Detritiation 

1235 

1 

9110 

9.6 

8670 

7.0 

7.4 

Chlorination 

250 

1 

5975 

23.9 

8300 

<8.3 

23.9 

Formylation 

>1000 

1 

>34,000 

68 

>44,400 

- 

34 
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the transition state is the Wheland intermediate.) CNDO/2 calculations of 
localization energies (66JCP389; 67JCP158) are better in that the reactiv¬ 
ity of the 2-position of thiophene is correctly predicted to be less than the 
2-position of the thienothiophenes, the rest of the order remaining the 
same, t r Densities predict the order 2 [3,2 -b] > 2 [2,3 -b] > 2 (thiophene) 
> 3 [3,2 -b] > 3 (thiophene) > 3 [2,3-*] (70ACS23). Total electron densi¬ 
ties for the thienothiophenes, calculated by the ab initio method 
[85JCS(P2)97], predict the order for the 2-positions as found in detritia- 
tion, though the order for the 3-positions is predicted incorrectly. 

(8) Annelation of thiophene by benzene, and by thiophene, produces 
the changes in cr + values shown in Scheme 8.28. Whereas benzene an¬ 
nelation changes the relative a-: p-reactivities, annelation by thiophene 
(in either configuration) produces much the same effect at both positions. 
The former result arises because in benzo[Z>]thiophene both canonical 
forms of the resonance hybrid for p-substitution are benzenoid, whereas 
only one of those for a-substitution is benzenoid) (i.e., the resonance en¬ 
ergy of benzene plays an important role). The resonance energy of thio¬ 
phene is considerably lower, so that its differential effect on the stabilities 
of the resonance hybrid for a- and p-substitution is smaller. An additional 
factor is that two of the canonical forms for the transition state for a- 
substitution of thienothiophenes involve the sulfur tt electrons (cf. only 
one for benzo[6]thiophene). For p-substitution, however, there is only 
one structure involving the sulfur tt electrons in each case [82JCS- 
(P2)295]. 



Cbu- 



Scheme 8.28. Change in a* values due to annelation of thiophene. 
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From the rates of deuteriation of the 5- and 7-positions of 6-methylpyr- 
rolo[2,l-6]thiazole ( 8 . 198 ) in D 2 0/dioxan at 50°C (71T4171) and the reac¬ 
tivity relative to other aromatics, the partial rate factors have been deter¬ 
mined under standard conditions (detritiation, TFA, 70°C) as 1.68 x 10 18 
and 1.19 x 10 17 , respectively, the corresponding cr + values being -2.08 
and -1.95 [87JCS(P2)591]. Exchange at these positions, and the ex¬ 
tremely high reactivity, parallels the behavior of pyrroloazoles 8 . 190 - 
8.192 and derives from the same cause, namely that the transition state is 
of comparable aromaticity to the ground state (cf. 8 . 194 ) [87JCS(P2)591]). 

Deuteriation of thieno[3,2-c]isoxazole ( 8 . 199 , X = S) and selenolo- 
[3,2-c] isoxazole ( 8 . 199 , X = Se) occurred at the 3-position in each case 
[76CS( 10)165]. This is the expected result because of the following 
factors. 

(1) The X group cannot conjugate directly with the 2-position. 

(2) Nitrogen conjugatively deactivates both the 2- and the 6-position. 
The latter process involves formation of an aromatic 6ir five-membered 
ring (8.200) 

(3) Oxygen can conjugate directly only with the 6-position. This pro¬ 
cess is favorable as it also involves formation of a 6it five-membered ring, 
but this is cancelled out by the effect of the nitrogen noted in (2). 

Nitration and bromination of ( 8 . 199 ) (X = S) also went into the 3-posi¬ 
tion, but for the selenium compound, attempted nitration caused decom¬ 
position, and bromination produced 2,3-addition [76CS(10)165]. 



(8.198) (8.199, X = S,Se) (8.200) 


B. Base-Catalyzed Hydrogen Exchange 

The relative rates of deuteriation of the a- and (3-positions of thiophene 
and the thienothiophenes under base-catalyzed conditions have been de¬ 
termined as in Scheme 8.29 (71JGU1945). Since the rate of deuteriation 
of the 2-positions of thiophene has been determined under similar condi¬ 
tions to be 2.5 x 10 5 that of the 3-position Chapter 6, Section 2), it follows 
that for each molecule the [3-position is less reactive than the a-position. 
The increased reactivity of the thienothiophenes compared to thiophene 
follows from the greater inductive electron withdrawal in the former (two 
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Scheme 8.29. Relative rates for base-catalyzed deuteriation of thiophene and thienothio- 
phenes. ‘7-BuOK in /-BuOH; ‘f-BuOK in DMSO. 


S atoms). The exceptionally high reactivity of the 3-position of thieno- 
[3,2-6]thiophene was thought to arise from initial coordination at the adja¬ 
cent sulfur atom. 

Consistent with the results for base-catalyzed exchange, are the more 
rapid reactions of n-butyllithium with the thienothiophenes compared to 
thiophene (68ACS63). 


C. Other Reactions 

A quantitative study of acetylation, chlorination, and formylation of 
thienol3,2-6]thiophene ( 8 . 185 , X, Y = S), selenolo[3,2-6]thiophene 
( 8 . 185 , X = S, Y = Se), and selenolo[3,2-6]selenophene ( 8 . 185 , X, Y = 
Se) gave the rates relative to thiophene given in Table 8.21 [80CS( 15)206]. 
Only a-substitution was observed (due to the high selectivity of the reac¬ 
tions), and the results clearly show that replacement of S by Se increases 
the reactivity (cf. the reactivity of selenophene and thiophene, Chapter 
6). 

Acetylation, formylation, trifluoroacetylation, and nitrosation of 6- 


TABLE 8.21 

Relative Rates of Electrophilic Substitution 



Acetylation 

Chlorination 

Formylation 

Thiophene 

1 

1 

1 

Thieno[3,2-6]thiophene 

3 

33 

44.5 

Selenolo[3,2-6]thiophene 

5 

139 

204 

Selenolo[3,2-6]selenophene 

8.3 

347 

635 
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methylpyrrolo[2,l-6]thiazole ( 8 . 198 ) all took place in the 5-position in 98, 
88, 98, and 70% yield, respectively [66JCS(C)1908]. The high reactivity 
of the 5-position follows both from this being the site of maximal delocal¬ 
ization of the lone pair from nitrogen, and also because methyl will acti¬ 
vate strongly across the high-order 5,6-bond. The strong electron release 
to the 5-position means that it readily undergoes protonation, and this is 
thought to be the reason for nitration (which occurs under strongly acidic 
conditions) occurring in the para position of the benzene ring of 6-phe- 
nylpyrrolo[2,3-6]thiazole ( 8 . 201 ). 



(8.201) (8.202 R = H,N0 2 ) (8.203,X = S,Se) 



4 3 

( 8 . 204 ) 


Selenoformylation of 6-methylpyrrolo[2, l-6]thiazole ( 8 . 198 ) and the 
5,6- and 6,7-dimethyl derivatives also goes into the vacant and most reac¬ 
tive 7- and 5-positions, respectively [79JCS(P1)2334], Nitrosation of 6-(2'- 
furyl)imidazo[2,l-6]thiazole ( 8 . 202 , R = H) takes place at the 5-position 
(72CHE1223) for the same reasons that 6-methylpyrrolo[2,l-6]thiazole re¬ 
acts at the 5-positions. Bromination and diazo coupling of the 6-phenyl 
derivative both go into the 5-position. However, nitration goes into the 
para position of the benzene ring [77HC(30)1], which may again be attrib¬ 
uted to protonation under the strongly acidic conditions. Compound 8.202 
(R = H) is of course less reactive than the pyrrolo analogue, and this is 
shown by the fact that the 5-nitro derivative ( 8 . 202 , R = N0 2 ) cannot be 
nitrosated, though bromination succeeds. The 7-nitrogen in 8.202 is un¬ 
able to conjugate with any position and so deactivates only by its weaker 
-I inductive effect. Similarly, neither N-l nor N-3 is able to conjuga- 
tively deactivate the thiazole ring in thiazolo[3, 2-b] 1,2,4-triazoles ( 8 . 205 ) 
or thiazolo[3,2-c/]tetrazoles ( 8 . 206 ), which explains their ready substitu¬ 
tion at the 2-position [71CA(75)140864; 74JHC459], Indeed, 8.206 is ni¬ 
trated more rapidly than dimethylthiazole (68CHE314), suggesting that 
those are nitrated as the free base, and protonated species, respectively. 
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(8.205) 


(8.206) (8.207, X=NMe, O, S) 


Formylation and bromination of 1,3-disubstituted l//-thieno- and -sele- 
nolo[3,2-d]pyrazoles ( 8 . 203 ) takes place at the 5-position. For the 3-meth- 
yl-1-phenyl derivatives, the rates of formylation relative to that of thio¬ 
phene were 0.61 and 1.77 for the S and Se compounds, respectively 
(73JOU22I6). Although the lone pair on N-l is conjugated with the 5- 
position, the 5-position is also conjugated with N-2, and as a result there 
is little overall activation. Moreover, conjugation between N-l and C-5 
reduces the aromaticity of the N-containing ring and is therefore 
unfavorable. 

Bromination of 2//-thieno[3,2-c]pyrazole ( 8 . 204 ) takes place by con¬ 
trast at the 6-position [77CS(12)1], which is equivalent to the 3-position 
in thieno[3,2-c]isoxazole ( 8 . 199 , X = S), and the explanations advanced 
to account for the latter apply to 8.204 also. Rates of acetylation of com¬ 
pounds 8.207 relative to that of thiophene for different heteroatoms X 
were found to be NMe (9.4), O (5.0), S (1.5); the relative rate was 0.13 
for 8 . 208 . For the selenophenes 8 . 209 , the rates relative to that of seleno- 
phene for different heteroatoms X were NMe (8.1), O (4.3), S (0.96) 
(76JOU1550). Formylation of selenopheno[2,3-c]thiophene ( 8 . 210 ) oc¬ 
curred at the 4- and 6-positions in a 3 : 2 ratio (81BAU1089). Both these 
positions are very reactive because the respective transition states create 
aromaticity in the selenium-containing ring. Lithiation went mainly in the 
6-position (6-: 4-isomer ratio = 4.6) because the / (inductive withdrawal) 
effects of both heteroatoms are greatest there. Imidazo[l,2-a]imidazole 
( 8 . 211 ) is also substituted in the 5-position, the yield in nitration under 
mild conditions being 66% (73JOC1955). 



(8.208) (8.209,X=NMe, O, S) (8.210) 



( 8 . 211 ) 
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6. Compounds with Three or More Five-membered Rings 

Acid-Catalyzed Hydrogen Exchange of 
Dithienothiophenes 

The only quantitative study of the electrophilic reactivity of molecules 
in this category concerns the detritiation of all positions of the isomeric 
dithienothiophenes in trifluoroacetic acid at 70°C [82JCS(P2)301]. The 
rate data were corrected for hydrogen bonding, which was more severe 
than for the thienothiophenes (Section 5) because of the greater number 
of sulfur atoms in each molecule. There is a rough parallel between the 
extent of hydrogen bonding and the number of sulfur atoms, as the data 
in Table 8.22 show. The differences in exchange rate between 100% CF 3 - 
COOH and 35% CF 3 COOH/65% CH 3 COOH decrease with the severity 
of the attenuation in rate in the former medium, due to the effect of hydro¬ 
gen bonding. Partial rate factors are given in Scheme 8.30 and the cr + 
values in Scheme 8.31. 

The main features of these results are summarized below. 

(1) The dithienothiophenes show very high reactivity toward electro¬ 
philic substitution, comparable to that of phenol. 

(2) The a-positions are in each case more reactive than the (3-positions. 

(3) The order of reactivity for dithieno[2,3-f>: 3',2'-</]thiophene ( 8 . 212 ) 
dithieno[3,2-6: 2',3'-</]thiophene ( 8 . 213 ), and dithieno[2,3-f>: 2',3'-^thio¬ 
phene ( 8 . 214 ) are for the a-positions 8.212 > 8.214 > 8 . 213 , and for the 
(3-positions 8.214 > 8.212 > 8 . 213 . However, the reactivity of the a-posi- 
tions on one hand, and the p-positions on the other, are almost indepen¬ 
dent of structure. 

(4) The effects of annelation, in terms of the increment in cr + values, 
are shown in Scheme 8.32. In general, the increment in the <j + value is 


TABLE 8.22 

Effect of Hydrogen Bonding in Detritiation" 


Compound 

^difference) 

Number 
of S atoms 

Mesitylene 

5230 

0 

Thiophene 

2420 

1 

Benzo|b]thiophene 

2200 

1 

Thienothiophenes 

950 

2 

Dithienothiophenes 

550 

3 


“As measured by rate differences between 100% CF,C0 2 H and 
35% CFjCOjH-CHjCOjH (35:65). 
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3.63 XIC? 




1.62X1 

3.4IXII 


6.3IXI0 6 

^^.eTXIO 9 


Scheme 8.30. Partial rs 


s' 

factors for detritiation of dithienothiophenes in TFA at 70°C. 



(8-212) (8 213) 


•0.777 

^N-i.oe 


(8-214) 

Scheme 8.31. Values of a* for detritiation of dithienothiophenes in TFA. 



0078 / 

°°“ 0 > 




Scheme 8.32. Increase in a* value produced by annelation in dithienothiophenes. 
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TABLE 8.23 

Huckel Localization Energies for 
Dithienothiophenes 


Compound 

Position 

No. 


8.212 

2 

1 

1.6044 


3 

2 

1.8173 

8.213 

2 

3 

1.6445 


3 

4 

1.8100 

8.214 

2 

5 

1.6097 


3 

6 

1.8030 


5 

7 

1.6464 


6 

8 

1.8153 


greater when the annelating sulfur atom is on the same side of the mole¬ 
cule as the position undergoing substitution. 

(5) The positional reactivity order is quite well predicted by localiza¬ 
tion energy (Huckel) calculations using 0 CS = O.60 C c and a s = a c (Table 
8.23). The observed reactivity order is I>5>3>7>6>2>8>4, 
and the predicted reactivity order isl>5>3>7>6>4>8>2. 

The agreement is quite remarkable considering the very small differ¬ 
ences in reactivity for like positions. Small differences in polarizability of 
the molecules could cause slight change in the order for other electro¬ 
philic substitutions. 
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Chapter 9 


Heteroaromatics Containing One Six-Membered 
Ring 


1. Introduction 

Comprehensive accounts of electrophilic substitution in pyridines and 
pyridine N-oxides have been given previously [60HC(14,l-4); 67M11; 
70RCR627; 74HC(14,l-4)]; these contain many data concerning the quali¬ 
tative aspects of substituent effects. In addition, there have been reviews 
of heteroaromatic reactivity (71PMH55), base-catalyzed hydrogen ex¬ 
change [74AHC(16)1; 76CHE1397], and electrophilic substitutions of 3- 
hydroxypyridines [75RCR823; 76CHE955], 


A. Compounds Considered 

Compounds covered in this chapter include the following. 

(1) Pyridines and substituted pyridines (9.1), and their protonated de¬ 
rivatives (9.2). 



A 


(9.1) (9.2) 

(2) The 2- and 4-pyridones (hydroxypyridines) (9.3, 9.4) and their pro¬ 
tonated derivatives (e.g., 9.5, 9.6). 



H H H H 

(9.3) (9.4) (9.5) (9.6) 
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(3) Pyridine N-oxides (9.7) and protonated derivatives (9.8). 



6- OH 

( 9.7) (9.8) 


(4) Pyrones (e.g., 9.9) and thiapyrones (e.g., 9.10). 

0 



(9.9) (9.10) 

(5) Pyrylium ions (9.11). 



(9.11 ) 

(6)Arsabenzene (9.12). 



(9.12) 


(7)Phosphorins (9.13), 



R"' V R 


(9.13) 
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B. Reactivity Patterns 


a. Pyridines 

Pyridines are less reactive toward electrophilic substitution than are 
the corresponding benzenoid compounds because of the electron-with¬ 
drawing inductive (-/) and mesomeric ( -M) effects of the ring nitrogen. 
These effects place substantial positive charge on the 2- and 4-carbon 
atoms ( 9 . 14 ), which are therefore considerably less reactive than the car- 



(9.14) 


bon atoms in benzene. The 3-position of pyridine is also deactivated, but 
to a smaller extent. The positive charge is relayed mostly to the 4-position 
in the highest occupied molecular orbital (HOMO), so that the 4-position 
is less reactive than the 2-position. Pyridine (p/f 5.2) is readily protonated 
in moderately strong acid, and in the pyridinium cation electron with¬ 
drawal from all three positions is substantially increased. The resultant 
decrease in reactivity corresponds to ~1.0 <r unit at each position. Much 
of the work described in this chapter has concerned the elucidation of the 
nature of the species undergoing substitution under the various condi¬ 
tions. In general, electron-supplying substituents tend to favor reaction 
on the conjugate acid, whereas electron-withdrawing substituents favor 
reaction on the free base. This is partly because the higher the pAT a of the 
substrate, the lower the concentration of the free base species. Addition¬ 
ally, the activation energy for substitution of the conjugate acid becomes 
unfavorably high in pyridines with electron-withdrawing substituents. 

Moreover, as has been recognized, pyridine is strongly hydrogen 
bonded in protolytic media (hence, for example, its high water solubility). 
Such hydrogen bonding substantially reduces the reactivity toward elec¬ 
trophiles, and as a consequence reactivity parameters determined for the 
free base in solution in H-donor solvents differ markedly from those de¬ 
termined in the gas phase. This difference is —0.3 cr units at each position. 

b. Pyridine N-Oxides 

The positive charge on nitrogen withdraws electrons by an inductive 
(or field) effect more strongly from all positions than in unprotonated pyri- 
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dine. However, mesomeric electron release (+ M) from oxygen returns 
electrons to the 2- and particularly to the 4-position. The result is that the 
2- and 4-positions are more reactive, whereas the 3-position is less reac¬ 
tive than in pyridine. In acidic media, protonation at oxygen reduces the 
mesomeric electron release and all positions become less reactive. The 2- 
and 4-positions are especially strongly affected, and 3-substitution then 
dominates in the electrophilic substitution of the 1-hydroxy pyridinium 
cation. 

c. Pyrones and Thiapyrones 

In both 2- and 4- isomers the 3- and 5-positions (activated by conjuga¬ 
tion with the ring heteroatom) are more reactive than the 2-, 4-, and 6- 
positions (deactivated by conjugation with carbonyl oxygen). Corre¬ 
sponding positions in thiapyrones should be somewhat less reactive. 

d. Pyrylium Ions 

Pyrylium ion should be even less reactive than the corresponding pyri¬ 
dinium cation; in fact, no simple electrophilic substitutions are known. 

e. Arsabenzene 

Arsenic is slightly more electropositive than carbon, so arsabenzene 
should be a little more reactive than benzene, arising from the resultant 
+ / effect of the heteroatom. However, arsabenzene is reported to be con¬ 
siderably more reactive than benzene, especially at the a- and -y-posi- 
tions, due to the additional high polarizability of the arsenic p orbitals. 

f. Phosphorins 

These compounds undergo electrophilic substitution at the 4-position, 
but their quantitative reactivities are not yet known. 


2. Acid-Catalyzed Hydrogen Exchange 

A. Methylpyridines 

Pyridine itself is too unreactive toward acid-catalyzed hydrogen ex¬ 
change for rates to be measurable, but results have been obtained for 



Sec. 2.B] 


ACID-CATALYZED HYDROGEN EXCHANGE 


281 


exchange at the 3- and 5-positions of 2,6-dimethylpyridine ( 9 . 15 ), 2,4,6- 
trimethylpyridine ( 9 . 16 ), and 1,2,4,6-tetramethylpyridinium ion ( 9 . 17 ) 


Me Me 



Me 

(9.15) (9.16) (9.17) 


(63JCS3753). Rate profiles for the former two compounds indicate reac¬ 
tion upon the conjugate acid (expected in view of the rather high pK a 
values), with slopes of the log k vs. -H 0 plots at 204°C of 0.69 and 0.56, 
respectively. Thus, the more reactive compound gave the smaller slope. 
This conforms to the reactivity-selectivity principle, since at higher acid¬ 
ity the electrophile is more reactive, giving rise to a smaller spread of 
rates between substrates. Involvement of the protonated species was con¬ 
firmed by exchange measurements for the 1,2,4,6-tetramethylpyridinium 
ion ( 9 . 17 ), which gave a log k vs. -H 0 slope of 0.77 at 182°C (cf. 0.66 for 
2,4,6-trimethylpyridine); 9.17 was also about twice as reactive as 9 . 16 . 
This rate difference is due to the activating effect of the m-methyl; com¬ 
parison of exchange rates of 9.15 and 9.16 showed o-methyl to activate 
160-fold at 204°C, in reasonable argreement with the value (250) that ap¬ 
plies in detritiation of toluene in sulfuric acid at 25°C (60JCS3301). (Pyri¬ 
dine is less reactive, so a larger factor would be expected, but this is more 
than compensated by the higher temperature of measurement.) These ex¬ 
change data indicate that substitution of=NH + — for =CH— in benzene 
produces a deactivation of the meta position by a factor of —10 18 , approxi¬ 
mate because very large extrapolations of data were necessary. The en¬ 
tropy of activation determined in this work became more negative as the 
acidity of the exchange medium increased. This was attributed to more 
rapid desolvation with increasing acidity of the singly charged reagents 
compared to the doubly charged transition state. 

Results for methoxy-substituted dimethylpyridines are described in 
section 2.C. 


B. Aminopyridines 

Exchange of 4-aminopyridines ( 9 . 18 ) takes place at the 3-position on 
the monoprotonated species [67JCS(B)1219], as expected. In 3-aminopyr- 
idine, exchange occurs at the 2-position: This is strongly deactivated by 
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the adjacent nitrogen and at low acidities at 170°C exchange occurs on 
the free base [or through reaction of the conjugate acid with D 2 0 via the 
ylide ( 9 . 19 )]. 

At higher acidity exchange occurs on the conjugate acid and the rate 
increases with increasing acidity until the H 0 value corresponding to the 
p K b for the second protonation is reached, the rate-acidity profile slope 
then becoming zero [73JCS(P2)1072]. 

In 4-amino-2,6-dichloropyridine ( 9 . 20 ), electron withdrawal and conse¬ 
quent low p K a causes exchange to take place on the free base at low 
acidity, with a changeover to reaction on the conjugate acid at high acid¬ 
ity. Thus, at H 0 -0.4, 9.20 is apparently —100-fold more reactive than 
9 . 18 , whereas at H 0 -5.5 it is threefold less reactive. Exchange in the 3- 
and 5-methyl derivatives ( 9 . 21 , 9 . 22 ) of 2-aminopyridine at 158°C and 
107°C, respectively, takes place as expected on the conjugate acids, and 
the increasing rate with increasing acidity again ceased at a point corre¬ 
sponding to the second p K a of the substrate [67JCS(B)1219; 71JCS- 
(B)2363]. The exchange at the more reactive 5- and 3-positions of 4- and 
6-methyl-2-aminopyridines ( 9 . 23 , 9 . 24 ) is similar, but changes over to re¬ 
action on the free base at low acidity [73JCS(P2)1072]; a similar reaction 
on the free base should be observed for exchange in 9.21 and 9 . 22 , but 
this was not examined at such low acidity. 



(9.18) (9.19) (9.20) (9.21) (9.22) 


For 5-chloro-4-aminopyridine ( 9 . 25 ) and its N.N-dimethyl derivative 
( 9 . 26 ), exchange at 158°C took place predominantly on the free base at 
lower acidity and on the conjugate acid at higher acidity (the changeover 
point occurs at a higher acidity for 9.26 than for 9 . 25 ). The rate-acidity 
profile became horizontal (i.e., zero slope) at very high acidity for 9.25 
due to second protonation, but this was not observed for 9.26 
]71JCS(B)2363], 


Me 



( 9.23) 


(9.24) 


(9.25) 


(9.26) 
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C. Pyridones and Hydroxypyridines 


Both 4-pyridone (9.27) and l-methyl-4-pyridone (9.28) undergo ex¬ 
change at the 3-position at 170°C on the free base, as shown by the rapid 
increase in exchange rate with increasing acidity at pH above the proton¬ 
ation p K a but a zero slope of the log k vs. - H 0 -rate profile in more acidic 
media ]65CI(L) 1384; 67JCS(B)1226]. The similarity in exchange rate of 
9.27 and 9.28 showed that 4-pyridone reacted as 9.27 and not as the 4- 
hydroxypyridine tautomer; moreover, 4-methoxypyridine (9.29) did not 
undergo exchange under similar conditions. 2-Pyridone (9.30), and its 3- 
and 5-methyl derivatives (9.31, 9.32), all showed similar behavior. The 
free base is also involved in sulfuric acid-catalyzed exchange at the 3- and 
5-positions of 2,6-dimethyl-4-pyridone (9.33) and its 1-hydroxy derivative 
(9.34) [67JCS(B)1226]. 



(9.27) 



(9.28) 



( 9.30) 



H 

(9.31) 



H 

(9.32) 


OMe 



(9.29) 


(9.33) (934) 




The effects of substituents on the form of the substrate reacting is 
nicely shown by comparison of the rate profiles for 9.27 and 9.33. 4-Pyri- 
done (9.27) exchanges as the free base even at H 0 - 10, whereas for its 
2,6-dimethyl derivative (9.33), the reaction takes place mainly via the 

conjugate acid at H 0 -3.5. 1,2,6-Trimethyl-4-pyridone (9.35) shows the 

changeover at even lower acidity ( H 0 -2.7). At high acidity, 9.33, 9.35, 

and 4-methoxy-2,6-dimethylpyridine (9.36) all react at similar rates and 
show similar dependence of rate upon acidity. This indicates that all react 
as the conjugate acids of type 9.37, and excludes the unlikely alternative 
9.38. [In [68JCS(B)866], curve C of Fig. 3 refers to 4-methoxy-2,6-dimeth- 
ylpyridine, and not as stated]. At lower acidity the similarity in rate per¬ 
sists for 9.33 and 9.35, but 9.36 is much less reactive. Hence, the 4-pyri¬ 
done 9.33 reacts as such and not as the 4-hydroxypyridine tautomer. 
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035 ) ( 9 . 36 ) ( 9 . 37 ) ( 9 . 38 ) 

At high acidity, 2,6-dimethyl-l-hydroxy-4-pyridone ( 9 . 34 ) reacted as 
the conjugate acid [68JCS(B)866] with a rate similar to that of 4-methoxy- 
2,6-dimethylpyridine /V-oxide, so both must then react as conjugate acids 
of the structure type 9 . 39 . In the intermediate acidity range pD + 1 to H 0 
-2.5, the rate-acidity profile slope was zero for 9 . 34 , indicating reaction 
on a neutral form. Since 4-methoxy-2,6-dimethylpyridine N -oxide ( 9 . 40 ) 
was much less reactive, the neutral form reacting must be 9.34 and not 
9 . 41 . 



From this hydrogen-exchange work 2-pyridone was found to be slightly 
more reactive than 4-pyridone; in 2-pyridone a 3- or 5-methyl group acti¬ 
vates the corresponding 5- or 3-positions -twofold, in good agreement 
with the value obtained in methylpyridines (see Section 2.A). A semi- 
quantitative study of the reactivity in methylpyridones towards exchange 
also indicated the positional reactivity order as 2(6) > 4 [68CPB715], and 
a further study indicated that in 2-pyridone the reactivities of the 3- and 
5-positions are similar [72BAU1166]. 


D. Pyridine N-Oxides 

Acid-catalyzed exchange has not been established in pyridine A-oxide 
itself. The exchange of a number of derivatives has been studied 
[64CI(L)1576]. 3,5-Dimethylpyridine A-oxide ( 9 . 42 ) reacts as the free 
base at the 2(6)- and 4-positions giving a zero slope of the rate-acidity 
profile [67JCS(B)1222]; the 2- and 6-positions are slightly more reactive 
than the 4-position, as expected. In 2,4,6-trimethylpyridine M-oxide 
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(9.43), the more reactive positions are blocked so that reaction can occur 
only at the 3(5)-position [67JCS(B)1222], Exchange of the conjugate acid 
is observed: The difference in reactivity of the free base and conjugate 
acid is much less for the 3,5- than for the 2,4,6-positions, and the higher 
ratio of protonated to nonprotonated form is decisive. In this work a side 
reaction prevented a rate versus acidity study of exchange in 2,6-dimeth- 
ylpyridine N- oxide, but comparison of the rate of exchange at H 0 -9.3 
and 258°C with that in 9.43 gave a value of f™ c of 50. This compares with 
a partial rate factor of 20 for the 4-methyl group in the pyridine series 
under the same conditions. The similarity of these values indicates that 
the exchange in 2,6-dimethylpyridine A-oxide proceeds as a species of 
the same charge type as that in the 2,4,6-trimethyl analogue. Exchange at 
the 3(5)-positions of 4-methoxy-2,6-dimethylpyridine A-oxide (9.40) also 
occurs on the conjugate acid [68JCS(B)866]. 

3-Hydroxypyridine A-oxide (9.44) also reacts as the free base in the 
range H 0 -2.0 to -8.0 [67JCS(B) 1222], but it is not clear if 9.44 or 9.45 



( 9 . 42 ) ( 9 . 43 ) ( 9 . 44 ) ( 9 . 45 ) 


is the species undergoing exchange. With 3,5-dimethoxypyridine A-oxide 
(9.46), exchange was observed only in the 2(6)-position [activated 
by o-OMe x p-OMe]; any exchange at the 4-position [activated by 
(o-OMe) 2 ] must be slower by a factor of at least 100 [67JCS(B)1222]. At 
high pD values, rapid base-catalyzed exchange occurred in all ring posi¬ 
tions. At low pD values, but above p K a 0.90, exchange occurred on the 
free base species and a rapid increase in rate occurred with increasing 
acidity. At acidity greater than p/C,, the rate decreased with increasing 
acidity, the negative slope (-0.25) of the rate-acidity profile reflecting 
here, as when observed elsewhere, the difference between the acidity 
functions for carbon and oxygen (or nitrogen) protonation. 

4-Aminopyridine N-oxide (9.47) undergoes exchange only as the conju¬ 
gate acid [68JCS(B)864], again probably due to the combined effects of 
high p K a and hence increased protonation of the oxide function, and the 
strongly activated adjacent 3-position. The less reactive 2-amino-5-bro- 
mopyridine A-oxide (9.48) undergoes exchange on the free base at lower 
acidity, and as the conjugate acid at higher acidity [71JCS(B)2363]. 
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(9.46) ( 9.47) (9.48) 


E. Pyrones and Thiapyrones 

2.6-Dimethylpyrone (9.49, X = O, R = Me) undergoes exchange at 
the 3- and 5-positions via the free base over a wide range of acidity. The 
same is true of 2,6-dimethylthiapyrone (9.49, X = S, R = Me), which 
was, however, at pD = 0 and 148.3°C, 16-fold less reactive [68JCS(B)- 
866]. This sequence parallels the generally higher reactivity of furans 
compared to thiophenes toward electrophilic substitution. 

However, not all such exchanges take place by simple electrophilic 
substitution. Hydrogen exchange of 4-pyrone (9.49, X = O, R = Me) at 
the 3,5-positions has been shown to occur via ring opening (64JOC2678, 
64JOC2682), because although 4-pyrone itself gave 3(5)-exchange under 
neutral or acid conditions, both 3-methyl- and 2,6-dimethyl substituents 
inhibited exchange. Moreover, carboxy substituents at the 2- and 6-posi- 
tions increase the exchange rate. 


0 



( 9.49 X =0,S ) ( 9.50; X = SbCI 6 ,C10 4 ) 


F. Pyrylium Ions 

A single study of 2,6-dimethylpyrylium hexachloroantimonate or per¬ 
chlorate (9.50) showed it to undergo exchange at the 3(5)-position in deu- 
terioacetic acid, but not at the 4-position. However, this is too rapid to 
involve simple electrophilic substitution; exchange also took place at the 
2-methyl groups 17-fold faster than the ring 3-hydrogen, and an addition- 
elimination mechanism has been suggested (71T681). 
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G. Arsabenzene 

Deuteriation of arsabenzene (9.12) in TFA/CH 2 C1 2 at 100°C has led to 
partial rate factors under standard conditions (TFA, 70°C) of f 2 = 2500, 

f 4 = 400 (81J0C881). The corresponding o + values,-0.39 and -0.30, 

compared with the 2-, 3-, and 4-o values (0.3, 0.4, 0.1) indicate very 
strong mesomeric electron release, though, unusually, this is more effec¬ 
tive at the 2-position than at the 4-position. The strong electron release 
appears to be due to the high polarizability of the p orbitals of arsenic. 


H. Summary of Kinetic Data 

The foregoing data are summarized in Table 9.1, which includes all of 
the primary kinetic features; additional information is given in Table 3 of 
[73JCS(P2)1065], 


TABLE 9.1 

Standardized Reactivity Data for Acid-Catalyzed Hydrogen Exchange 


Substituent 

rro 

Positions 

Species 

charge 

— H„ range 

dtlog L(stoich)] 

4(-HJ 

- log k 2 “ 

Substituted pyridines and pyridones 
2-NH,-3-Me 158 5 

+ 

-0.4-5.2 

0.47 

7.95 

2-NH,-5-Me 

107 

3 

+ 

0.5-4.0 

0.67 

8.05 

2-NH,-4-Me 

148 

3 

+ 

0.6-2.4 

0.93 

7.84 

2-NH,-4-Me 

148 

3 

0 

-0.7-0.3 

-0.21 

0.81 

2-NH,-4-Me 

148 

5 

+ 

0.6-2.4 

0.63 

7.62 

2-NH,-4-Me 

148 

5 

0 

-0.7-0.3 

-0.39 

0.54 

2-NH,-6-Me 

158 

3 

+ 

0.8-1.6 

0.78 

7.40 

2-NH,-6-Me 

158 

3 

0 

-0.7-0.1 

-0.14 

0.48 

2-NH,-6-Me 

158 

5 

+ 

0.1-1.6 

0.66 

6.90 

2-NH,-6-Me 

158 

5 

0 

- 0.7-0.1 

-0.37 

0.28 

2-NH.-5-C1 

158 

3 

+ 

4.6-6.9 

0.56 

9.86 

2-NH,-5-Cl 

179 

3 

+ 

4.4-6.2 

0.50 

9.46 

2-NH,-5-CI 

158 

3 

0 

0.8-1.6 

0.00 

3.87 

2-NH.-5-CI 

179 

3 

0 

0.5-1.3 

0.00 

3.78 

2-NMe,-5-CI 

158 

3 

+ 

4.0-6.3 

0.62 

9.22 

2-NMe,-5-Cl 

158 

3 

0 

3.1-4.0 

0.00 

2.16 

3-NH, 

176 

2 

+ (min) 

0.8-2.0 

0.00 

8.95 

3-NH, 

176 

2 

+ (maj) 

0.2-0.8 

1.06 

8.54 

3-NH, 

176 

2 

0 

-(1.1-0.4) 

0.00 

3.08 

4-NH, 

107 

3, 5 

+ 

— 0.5-4.8 

0.66 

7.28 

4-NH, 

146 

3, 5 

+ 

0.1-3.0 

0.54 

7.76 


( continued) 
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TABLE 9.1 ( continued ) 


Substituent 

T (°C) Positions 


_ H range 

d[log A,(stoich)] 

d(- H„) 

-log k; 

4-NH; 

170 

3, 5 

+ 

0.1-2.9 

0.54 

7.66 

4-NH,-2,6-Cl 

107 

3, 5 

+ 

4.0-4.6 

0.98 

9.05 

4-NH,-2,6Cl 

122 

3, 5 

+ 

4.1-4.6 

1.05 

9.18 

4-NH,-2,6-Cl 

107 

3, 5 

0 

0.8-3.7 

-0.23 

2.88 

4-NH,-2,6-CI 

122 

3, 5 

0 

-0.7-3.5 

-0.12 

3.04 

2,6-Me, 

204 

3, 5 

+ 

5.5-6.2 

0.99 

15.50 

2,4,6-Me, 

204 

3, 5 

+ 

4.1-5.3 

0.88 

12.40 

2,4,6-Me, 

180 

3, 5 

+ 

4.2-6.0 

0.66 

11.80 

2,4,6-Me, 

209 

3, 5 

+ 

3.5-5.6 

0.63 

11.37 

4-OMe-2,6,Me, 100 

3, 5 

+ 

4.0-8.4 

0.69 

0.80 

4-OMe-2,6,Me, 100 

3, 5 

+ 

1.1-2.5 

0.00 

0.96 

2-Pyridone 

128 

3, 5 

0 

2.2-7.1 

-0.16 

4.75 

3-Me-2-pyridone 103 

5 

0 

1.7-7.0 

-0.15 

4.26 

5-Me-2-pyridone 120 

3 

0 

1.6-6.7 

-0.12 

4.73 

4-Pyridone 

170 

3, 5 

0 

- 4.3-7.1 

-0.12 

4.85 

4-Pyridone 

187 

3, 5 

0 

-4.3-6.9 

-0.13 

4.80 

l-Me-4-pyridone 170 

3, 5 

0 

-3.0-7.2 

-0.08 

4.77 

2,6-Me,-4- 







pyridone 

108 

3, 5 

+ 

4.0-8.6 

0.50 

8.46 

2,6Me,-4- 







pyridone 

108 

3, 5 

0 

-2.2-2.3 

-0.15 

2.81 

1,2,6-Me,-4- 







pyridone 

100 

3, 5 

+ 

3.3-8.1 

0.56 

8.64 

1,2,6-Me,-4- 







pyridone 

100 

3, 5 

0 

1.1-2.4 

0.00 

3.22 

Substituted pyridine N-oxides 






4-OH-2,6-Me 

100 

3, 5 

+ 

5.4-7.8 

0.52 

8.74 

4-OH-2,6-Me 

100 

3, 5 

0 

1.3-3.2 

0.00 

3.96 

4-OH-2,6-Me 

100 

3, 5 

- 

- (3.2-1.1) 

-0.55 

-0.87 

4-OH-2,6-Me 

100 

3, 5 

- 

- (6.3-4.9) 

0.00 

-0.54 

4-NH, 

107 

3, 5 

+ 

0.5-4.6 

0.76 

7.92 

2-NH,-5-Br 

158 

3 

+ 

2.7-5.1 

0.46 

9.81 

2-NH,-5-Br 

182 

3 

+ 

2.6-5.2 

0.45 

9.71 

2-NH,-5-Br 

158 

3 

0 

—0.4-0.6 

0.00 

7.12 

2-NH,-5-Br 

182 

3 

0 

0.6-1.3 

0.00 

7.08 

3,5-Me, 

230 

2, 6 

0 

0.1-4.9 

-0.21 

8.13 

3,5-Me, 

230 

4 

0 

0.1-4.9 

-0.13 

8.38 

2,4,6-Me, 

185 

3, 5 

+ 

5.4-6.7 

0.46 

11.42 

2,4,6-Me, 

202 

3, 5 

+ 

2.8-5.0 

0.75 

12.08 

2,4,6-Me, 

216 

3, 5 

+ 

3.8-6.3 

0.57 

11.87 

3,5-(OMe), 

119 

2, 6 

+ 

2.2-5.3 

0.43 

6.48 

3,5-(OMe), 

119 

2, 6 

0 

-3.1-2.2 

-0.21 

4.09 

4-OMe-2,6-Me, 100 

3, 5 

+ 

4.1-8.8 

0.62 

9.68 


( continued) 
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TABLE 9.1 ( continued) 


Substituent 

T (°C) 

Positions 

charge 

- H„ range 

4log C(stoich)] 

d(- H„) 

-log k," 

Substituted pyrones and thiapyrones 
2,6-Me,-4- 

pyrone 148 3, 5 

0 

1.1-7.4 

-0.21 

5.86 

2,6-Me,-4- 

thiapyrone 

148 

3, 5 

0 

1.0-8.1 

-0.10 

6.66 

Chromone 

180 

3 

0 

1.9-5.4 

0.00 

6.71 

Chromone 

180 

6 

0 

1.9-5.4 

0.00 

7.94 

Chromone 

180 

8 

0 

2.8-5.4 

0.00 

8.50 

Thiachromone 

180 

3 

0 

1.8-5.4 

0.00 

6.95 

Thiachromone 

180 

6, 8 

0 

1.8-5.4 

0.00 

8.89 


“Average values. 


3. Base-Catalyzed Hydrogen Exchange 

The relative positional reactivity of pyridine toward base-catalyzed ex¬ 
change would a priori be expected to be 2 = 4 > 3. However, in the 
transition state for 2-substitution, a lone pair is generated in a cr orbital 
adjacent and coplanar to that on nitrogen (9.51). This is unfavorable, mak¬ 
ing 2-substitution comparatively difficult. The effect is particularly 
marked in a six-membered ring, being much less serious in a five-mem- 
bered ring (see Chapter 7, Section 3.A). Thus, with sodium in liquid am¬ 
monia at -25°C, the relative rates of deuteriation of the 4-, 3-, and 
2-positions of pyridine were 10 1 : 10 2 : 1 [64CA(60)6721], However, in 
aqueous sodium hydroxide at 220°C, exchange was reported to occur 
exclusively at the 2-position (64CPB1384). A subsequent report con¬ 
firmed that the positional order is dependent upon the base concentra¬ 
tion: In dilute aqueous sodium hydroxide, 2-exchange dominated where¬ 
as in 1 M sodium hydroxide, the positional rate ratio becomes 3.0: 
2.3 : 1 for the 4-, 3-, and 2-positions, respectively (67JA3358). 



( 951 ) 


(9 52 ) 


( 9.53) 


( 9.54) 
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The reason for this dependence is evident from studies of base-cata¬ 
lyzed exchange in the pyridinium cation. Here protonation of nitrogen 
removes the unfavorable lone pair interaction and also creates a strongly 
stabilizing positive charge, the transition state for 2-substitution being the 
ylide (9.52). The relative 4-: 3-: 2-position rates for 9.52 are 1:3: 1500 
(68JA5939; 69JOC1405). A similar rate spread, such as 1 : 10: 1500 is ob¬ 
tained for the neutral species of pyridine /V-oxide (68JA5939). It follows 
then that under weakly basic or neutral conditions exchange must involve 
ylides and takes place preferentially at the 2-position, because 9.52 is 
much more stable than the other isomeric ylides (68JA5939; 81CJC1022). 
Consistent with this explanation is the fact that the concentration of so¬ 
dium hydroxide at which exchange occurred principally at the 3- rather 
than the 2-position in 4-aminopyridine was higher than for pyridine, and 
higher still for 4-(/V,/V-dimethylamino)pyridine, since the basicity of the 
nitrogen atom is increased, facilitating ylide formation (68TL421). 

Exchange in /V-arylpyridinium ions (9.53) also occurs essentially exclu¬ 
sively at the 2(6)-position and rates correlate with the cr° values of the 
substituents R, with a = 0.78 (75CCC1163). Earlier, a correlation had 
been found with a, values for the effects of substituents X in 9.54, giving 
p, = 15 (though the methyl point misses the correlation line by 2 log 
units). The relative rates for different substituents X were O' (1.0), 
PhCH 2 (110), Me (140), Ph (530), ND 2 (2700), OMe (1.3 x 10 6 ). From this 
work, substitution of =N + H— for =CH— in benzene was estimated to 
accelerate base-catalyzed exchange by a factor of 10 14 -10 16 (70JA7547). 

In methanol containing amines, exchange of /V-methylpyridinium ion 
was said to be specific-base catalyzed (73JOC829). However, one of the 
curves shown suggests incursion of general base catalysis. Methyl sub¬ 
stituents were said to increase the rate of base-catalyzed exchange of 
3-hydroxypyridine (72BAU1169). This parallels the effects of 2-alkyl sub¬ 
stituents on the rate of base-catalyzed exchange in indole (Chapter 8, Sec¬ 
tion 2.A.b.ii). A similar explanation may therefore apply [i.e., the nega¬ 
tive charge on oxygen (formed by rapid proton abstraction) is delocalized 
into the ring, the carbanion then carrying out rate-determining abstraction 
of a proton from the solvent]. 

Rates of exchange with NaOMe/MeOH at 50°C of the 2-, 4-, and 6- 
positions of 3-chloropyridine /V-oxide and of the 2-position of 3,5-dichlor- 
opyridine /V-oxide, relative to the 2-position of pyridine /V-oxide, were 
1840, 0.37, 12.2, and 11,800, respectively. These showed that the normal 
carbanion mechanism applied and emphasized further the importance of 
inductive effects in base-catalyzed exchange. The activating effects of 
substituents (relative to a position in benzene, at 50°C) were calculated as 
2-C1, 1800; 4-C1, 9; 2-N + 0', 3.8 x 10 9 ; 4-N + CT, 7.6 x 10 5 (69JOC1405). 



TABLE 9.2 


Rate Data for Base-Catalyzed Hydrogen Exchange of Pyridines under 
Standard Conditions" 


Substituent 

Position of 
exchange 

-log* 

£ (kcal mol ') 

log A (sec ') 

H 

2 

6.7 




3 

6.3 




4 

6.1 

20.3 

4.6 

2-OMe 

3 

5.3 



3-NH, 

4 

5.7 

28.6 

9.4 

3-F 

4 

2.9 

15.3 

5.2 

3-Br 

4 

4.4 

18.7 

5.5 

3-OMe 

4 

4.5 

34.0 

13.5 

3-NO, 

2 


No exchange 



4 

3.4 

23.2 

8.9 

4-OMe 

3,5 

5.6 

31.6 

11.5 

4-NMe, 

2,6 

6.0 




3,5 

5.7 



2-NH,-5-NO, 

4 

3.9 



3,5-Br, 

4 

1.7 



3,5-(OMe), 

4 

2.9 




"Standard conditions. 0.6 M MeOK in MeOD at I40°C. 


TABLE 9.3 

Rate Data for Base-Catalyzed Exchange of Pyridine /V-Oxides under 
Standard Conditions" 


Substituent 

exchange 

-log k 

£ (kcal mol ') 

log A (sec -1 ) 

H 

2 

5.3 




3 

7.3 

18.6 

5.3 


4 

8.0 

24.0 

7.6 

2-OMe 

6 

5.6 



3-F 

2 

0.3 

22.0 

14.6 

3-Br 

2 

2.0 

23.0 

13.6 

3-OMe 

2 

3.9 

23.7 

12.2 

3-NO, 

2 

-0.3 

14.3 

8.9 

4-OMe 

2,6 

5.2 




3,5 

5.8 



4-C1 

2,6 

4.3 




3 

4.5 



4-NMe, 

2,6 

6.5 

26.3 

11.2 


3 

8.5 



3,5-Br, 

2.6 

1.3 

19.6 

10.9 


4 

2.3 

26.2 

14.4 

3.5-(OMe), 

4 

5.7 

27.9 

13.2 


'Standard conditions. 0.1 M MeOK in MeOD at 50°C. 
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The N-oxide group is a powerful activator on account of its inductive 
(-/) effect, but is less activating than N + H, as expected. 

Finally, rate coefficients for base-catalyzed exchange of pyridines un¬ 
der “standard” conditions (0.6 M MeOK in MeOD at 140°C) and for pyri¬ 
dine N -oxides (0.1 M MeOK in MeOD at 50°C) are given, in terms of the 
log values, in Tables 9.2 and 9.3, respectively, along with Arrhenius data 
(74CHE1397). The wide variations in log A values are difficult to inter¬ 
pret, and similar variations occur with diazines (Chapter 10). 


4. Nitration 


A. Pyridines 

Most studies have been carried out using nitric acid/sulfuric acid; fewer 
have utilized nitric acid/acetic anhydride. Use of nitronium tetrafluoro- 
borate produces a stable N-nitro intermediate, and the corresponding N- 
nitroso derivative is obtained with nitrosonium tetrafluoroborate 
(64TL2117; 65JOC3373). One study with molten nitrates and pyrosulfate 
(which gives a small concentration of nitronium ion) reported 3-nitration 
of pyridine though no yields were quoted (67CC966). In general, nitration 
of pyridine is very difficult because of the easy protonation. With potass¬ 
ium nitrate in oleum at —300°C only 15% of 3-nitropyridine is obtained 
(12CB428), and indeed other workers have found considerably lower 
yields than this (30RTC552). As expected, methyl, hydroxy, and amino 
substituents increase the yield (through activation) and, less obviously, 
so too can certain electron-withdrawing groups (by promoting reaction 
on the free base). 

The first estimate of the reactivity of pyridine toward nitration indi¬ 
cated the 3-position to be 10 12 times less reactive than a position in ben¬ 
zene [62CI(L)1057], suggesting that the conjugate acid was the reacting 
species. As in acid-catalyzed hydrogen exchange, whether the free base 
or conjugate acid is involved depends largely on the substituents present, 
electron-supplying groups causing reaction on the latter species. In gen¬ 
eral, pyridine derivatives with p K a > 1 will nitrate as the conjugate acid, 
whereas those with pK a < -2.5 will nitrate as the free bases 
[67AG(E)608]. Thus, the 2,4,6-trimethylpyridine and 1,2,4,6-tetramethyl- 
pyridinium ion gave similar rate profiles, that for the former passing 
through the usual maxiumum in —90 wt% H 2 S0 4 and paralleling that for 
4-chlorotrimethylanilinium ion. This shows that the trimethyl compound 
reacts as the conjugate acid [67JCS(B)1204], Calculation of the theoretical 
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rate of reaction via the 2,4,6-trimethylpyridine free base showed that it 
would be nearly two orders of magnitude greater than the encounter rate, 
further confirming that the free base cannot be involved [67JCS(B)1204]. 
The 1,2,4,6-tetramethylpyridinium ion was slightly less reactive, suggest¬ 
ing a steric effect, perhaps arising from buttressing or hindrance to solva¬ 
tion. Nitration of 2,4-dimethylpyridine at the 3- and 5-positions occurred 
in 12 and 13% yield, respectively (64RC1321); both positions evidently 
possess similar reactivity. 

Both 2,4- and 2,6-dimethoxypyridines are nitrated as their conjugate 
acids at the p-positions (5- and 3-positions, respectively); the second ni¬ 
tration of the latter compound involves a less reactive and less basic sub¬ 
strate, which, like 2,6-dichloropyridine, nitrates as the free base 
[67JCS(B)1204]. From the rates of nitration of 2,6-dimethoxypyridine and 
m-dimethoxybenzene it was deduced that pyridinium ion is 10 7 times less 
reactive than benzene; in contrast, if data for 2,4,6-trimethylpyridine are 
used, the value becomes 10 20 . 2-Nitration of 3,5-dimethoxypyridine also 
takes place on the conjugate acid, but 6-nitration of 2-nitro-3,5-dimethoxy- 
pyridine takes place on the free base. This indicated a method of obtain¬ 
ing the maximum yield of the mononitro derivative from 3,5-dimethoxy- 
pyridine (viz. to nitrate in very strong sulfuric acid to ensure reaction on 
the conjugate acid) [67JCS(B)1211]. From the nitrations of 2,6-dichloro- 
pyridine (3-position, as the free base) and 2-methoxypyridine (5-position, 
as the conjugate acid), values of log k £ were determined as -9.01 and 
-8.68, respectively [83CHE514]. Activation parameters for dichloro- 
and dimethoxypyridines indicate that compounds with AS* (e.u.) values 
of 12-16 react as the free bases, whereas those with values of -18 to 
-20 react as the conjugate acids [67JCS1204, 67JCS1211]. 

Nitration of 2-phenylpyridine takes place on the conjugate acid, yield¬ 
ing the partial rate factors shown in structure 9.55 [68JCS(B)862]. These 
are comparable to the partial rate factors for the CH 2 NMe, substituent, 
and are interesting because they indicate ortho and para orientation with 
deactivation as do halogens; similar behavior has been observed in hydro¬ 
gen exchange of pentafluorobiphenyl [73JCS(P2)253]. Another determina¬ 
tion gives partial rate factors for 9.56 that differ in absolute rather than 
relative values. The values for the 4-pyridinium substituent (9.57) show 
more clearly the ortho and para orientation, and in particular the reactiv¬ 
ity of the ortho position in the phenyl ring becomes proportionally greater 
(compare with 9.55 and 9.56), as a result of increasing distance from the 
positive pole. Deactivation in the 4-benzylpyridinium ion (9.58) is consid¬ 
erably less than that in the 4-phenylpyridinium cation since the pole is 
further away, and countering activation is provided by the methylene 
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(9.55) (9.56) (9.57) (9.58) 


group. This work also indicates that the deactivating effect at the meta 
position of the phenyl ring of protonated phenylpyridines is most easily 
understood as the field effect of a pole [71JCS(B)712]. 

Nitration of 2-anilinopyridine by nitric acid/sulfuric acid gave a mixture 
of mono substitutions at the 2'- and 4'-positions in the phenyl ring in poor 
overall yield. However, with excess nitric acid, the 2',4'-dinitro deriva¬ 
tive was obtained in near quantitative yield. By contrast, nitration in ni¬ 
tric acid/acetic anhydride gave products of substitution in both the phenyl 
and the pyridyl rings, the latter at the 3- and 5-positions. This suggests 
that the conjugate acid was involved under the former conditions and the 
free base under the latter (72CPB2678). Calculations supported this con¬ 
clusion and also indicated that the free base was 2-anilinopyridine, not 
the 2-pyridone anil tautomer (9.59) (72CPB2686). Nitration of 2-picryl- 
aminopyridine (9.60) by nitric acid/sulfuric acid gave 7% of 3- and 93% of 
5-substitution; the rate-acidity profile indicated that the cation was in¬ 
volved; E a was 12.9 kcal mol" 1 (80CHE272). 

Nitration of 2-, 3-, and 4-/V,/V-dimethylaminopyridine afforded the 
yields shown (9.61-9.63); the low yields from the 3-isomer (accompanied 
by nitroso and other by-products) reflect the fact that the substituent is 
meta to the most reactive site in pyridine [72JCS(P2)1940]. Moreover, in 
9.61 and 9.63, electron withdrawal by the ring nitrogen reduces the sec¬ 
ond plC, for formation of a dication by protonation at the dimethylamino 
group, whereas such dication formation occurs to a considerable extent 
in 9.62. Hence, 9.61 and 9.63 nitrate as the monocation, which is the ma¬ 
jority species. For 2-/V,/V-dimethylamino-3- and 5-nitropyridines, the 
slope of the Moodie-Schofield plots indicated that in the low-acidity re¬ 
gion, nitration takes place on the free base (at the encounter rate). For 
the 5-nitro isomer, the free base is involved even in the high-acidity re¬ 
gion. For 4-/V,/V-dimethylamino-3-nitropyridine no definite conclusion re¬ 
garding the reacting species could be drawn [72JCS(P2)1940], 
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93 *> 

(9.59) (9.60) l 9.61) (9.62) (9 63) 


Nitration of the 1-methyl cations of 2- and 4-TV-methylaminopyridine 
and 2-Af-methylamino-5-nitropyridine (9.64-9.66) has been studied 
[72JCS(P2) 1950]. l-Methyl-2-/V-methylaminopyridinium cation (9.64) 
gave a similar rate profile to that for 2-N,N-dimethylaminopyridine, con¬ 
firming that the latter underwent nitration as the conjugate acid. Curi¬ 
ously, 9.64 was fivefold (high acidity) to 4000-fold (low acidity) times less 
reactive than 2-N,/V-dimethylaminopyridine. This was attributed to steric 
interactions in the N-methyl compound. Cation 9.66 underwent nitration 
immeasurably slowly under conditions sufficient to nitrate 2-N.TV-dimeth- 
yIamino-5-nitropyridine, confirming (see above) that the latter reacts as 
the free base. Cation 9.65 undergoes nitration at rates closely similar to 
those for 4-/V,N-dimethyIaminopyridine, confirming that the latter is ni¬ 
trated as the conjugate acid [72JCS(P2)1950]. 


NHMe 



(9.67) 


(9.68) 


( 9.69) 
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TABLE 9.4 

Relative Rates of Rearrangement 
of jt-Methyl-2-nitraminopyridines 



1970) 

Substituent in 9.70 k 3 k f 


H 1 1 

3- Me — 5.1 

4- Me 2.3 0.34 

6-Me 10 2.8 


Nitration of pyridines via rearrangement of nitramines has been stud¬ 
ied. 4-Amino-3-bromopyridine forms, with nitric acid, the nitramine 9.67 
in 85% yield; 9.67 rearranges in sulfuric acid to 4-amino-3-bromo-5-nitro- 
pyridine (9.68) in 97% yield (62RC967). The rearrangement of 2-nitrami- 
no-4-nitropyridine (9.69) to 2-amino-3,4-dinitropyridine is accompanied 
by the formation of 4-nitro-2-pyridone (64T81), subsequently shown to 
arise via nitrosation (79T2895). 

A further study of 2-nitraminopyridine and its 3-, 4-, 5-, and 6-methyl-, 
5-bromo-, and 5-nitro derivatives showed that in sulfuric acid, free nitro- 
nium ions are produced (added mesitylene becomes nitrated). The rela¬ 
tive rates of nitration at the 3- and 5-positions of the methyl derivatives 
are shown in Table 9.4. The results for the 4-methyl compound show that 
a normal S E Ar mechanism is not involved. 5-Methyl-2-nitraminopyridine 
seemed to react by a different route since a considerable amount of 5- 


TABLE 9.5 


Rearrangement of Substituted 
2-Nitraminopyridines 


Substituent 

log * 2 (3) 

log k 2 (5) 

4-OMe 

-0.81 

-2.19 

4-Me 

-2.28 

-2.10 

H 

-3.17 

-2.22 

4-Br 

-2.86 

-3.04 

4-CO.H 

-2.98 

-3.16 

3-D-4-Me 


-2.87 
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TABLE 9.6 

Yields (%) of 5-Nitro Isomer from 
Rearrangement of Nitramines 


X 9.71 


9.73 


H 90 

Me 60 

OMe <4 

C0 2 H >95 

Br 40 

Cl 40 


90 50 

74 20 

<4 <4 

75 >95 

75 20 

78 30 


“Compounds 9.71-9.73 in 92 wt% H,S0 4 . 



(9.71) (9.72) (9.73) 


methyI-2-pyridone was formed. Values of 10 2 k 2 at 30°C for different sub¬ 
stituents were 3.87 (H), 18.0 (3-Me), 2.0 (4-Me), 13.3 (6-Me), 0.00861 (3- 
N0 2 ), and 2.50 (5-Br) (79T2895). Rearrangement in 92 wt% H 2 S0 4 and 
measurement of isotope effects indicated that the rate-determining step 
occurs prior to formation of the appropriate 3- and 5-nitro complexes. 

Rate coefficients were determined for nitration by rearrangement of 
monoprotonated nitraminopyridines (Table 9.5) (82AJC2035). Rearrange¬ 
ment of 4- and 6-substituted 2-nitraminopyridines (9.71, 9.72) at room 
temperature, and 2-substituted 4-nitraminopyridines (9.73) at 75°C gave 
the yields of 5-nitro derivative shown in Table 9.6 (82AJC2025). For 9.71 
and 9.73, only in the case of X = CO z H was 5-substitution preferred to 
3-substitution, and for 9.72 only in the case X = OMe was 3-substitution 
preferred to 5-substitution (82AJC2025). 

B. Pyridones and Hydroxypyridines 

Yields in nitration of alkoxy- and hydroxypyridines have been tabu¬ 
lated (70RCR627). Nitration of 3-hydroxypyridine (9.74) gives 74% 2- and 
only 1% 6-substitution with no 4-substitution detected (68JOC478); this 
result was confirmed and shown to be qualitatively consistent with charge 
densities (69BAU1452). If, however, the 2-position is blocked with a 
methyl or chloro substituent (9.75), then both 4- and 6-substitution occur. 
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the former being dominant (68JOC478; 69BAU1452). This suggests that 
the electrophile coordinates (hydrogen bonds) with the hydroxy group 
and hence preferentially substitutes ortho to it, a view supported by the 
decreasing 4-: 6-substitution ratio with increasing temperature, and the 
complete absence of 4-substitution in the nitration of 3-methoxy-2-meth- 
ylpyridine (69BAU1452). 2-Substitution of 3-hydroxypyridine could 
cause the hydrogen of the hydroxy group of lie toward the 4-position, so 
accounting for the dominance of 4- over 6-nitration in these compounds. 
Nitration of 2-phenyl-3-hydroxypyridine (9.76) occurs primarily at the 
para position of the phenyl ring (88%) (70BAU1791,2244). Both 3-hydro¬ 
xy- and 3-methoxypyridine are nitrated as their conjugate acids and at 
identical rates [70JCS(B)114]. 



Nitration of 2-pyridone takes place on the free base. Interestingly, the 
rate of 5-nitration increases more with increasing acidity than does that of 
3-nitration: Nitration in sulfuric acid at 80°C gave 100% of 3-substitution, 
whereas in 20% oleum at 0°C it gave 17% 3- and 83% 5-substitution. The 
reason for this is not yet clear. The Arrhenius data for the total nitration 
rate at the 3- and 5-positions are acidity dependent, the activation energ¬ 
ies decreasing from —36.5 kcal mol -1 at H 0 -6.5, to 9.7 kcal mol -1 at H 0 
- 10, the log A values decreasing from —21 to 2.7 sec -1 [68JCS(B)1477; 
71TL2211; 72J(P2) 1953]. Both 3-methyl-2-pyridone and 5-methyl-2-pyri- 
done are nitrated as the free base (the former is the more reactive) as 
is 1,5-dimethyl-2-pyridone [68JCS(B)1477]. 6-Hydroxy-2-pyridone (9.77), 
its N-methyl- (9.78), and its 6-methoxy derivative (9.79) all undergo nitra¬ 
tion in the 3-position as the free base at or near the encounter rate. Hence 
the relative rates of — 1:0.7:0.3 have limited significance [70JCS(B)114]. 
Nitration of 6-phenyl-2-pyridone has been suggested to take place on the 
hydroxypyridine tautomer (9.80) in order to account for the predominant 
3-nitration (through hydrogen bonding to the electrophile), since haloge- 
nation goes primarily in the 5-position, but this is most unlikely. As for 
nitration of 3-hydroxypyridine, the ratio of 3-: 5-substitution decreased 
with increasing temperature. Acetyl nitrate at 90°C [N.B. This is explo¬ 
sive!] gave both 3- and 5-isomers, whereas fuming nitric acid gave the 
3,pura-dinitro product (75CHE1242). 
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(9.77) (978) (9.79) (9.80) 


Nitration of 4-pyridone takes place on the free base, except at high 
acidity where the protonated species is involved [68JCS(B)1477], 4-Pyri- 
done is less reactive than 2-pyridone toward nitration (Table 9.7), a result 
which contrasts with hydrogen exchange where the reactivities are identi¬ 
cal Table 9.1). As expected, nitration of 3-nitro-4-pyridone also occurs on 
the free base [68JCS(B)1477], From this work, partial rate factors of 10“ 10 
to 10“ 12 were calculated for the monocations derived from 4-pyridone and 
2- and 4-methoxypyridine; deactivation by NH + in these systems was 
estimated as >10 13 [68JCS(B)1477]. 

C. Pyridine N-Oxides 

Pyridine N-oxide is nitrated in the 4-position as the free base (9.81) 
[64CI(L)1577] and/ p has been estimated as between 2.1 x 10“ 3 and 4 x 
10“ 6 [66JCS(B)870; 67JCS(B)1213], up to 95% yields of 4-nitropyridine 
N-oxide have been reported (51RTC581). 4-Nitration on the free base also 
occurs for the 3,5-dimethyl and 2,6- and 3,5-dichloro derivatives (9.82- 
9.84) [67JCS(B)1213]. 



(9.81) (9-82) (9.83) (9.84) 


However, when electron-donor groups, located ortho or para to the N- 
oxide function, sufficiently increase the p K a value for protonation, nitra¬ 
tion can then occur on the conjugate acid at the 3-position (see also sec¬ 
tion 2.D). This pattern was observed for compounds 9.85-9.87 and for 
9.88, which nitrates as the conjugate acid but in the phenyl ring. Thus, 
partial rate factors for 9.88 are comparable with those in 9.55-9.57 
[67JCS(B)1213]; 68JCS(B)862]. For 3,5-dimethoxypyridine N-oxide, the 
strong activation at the 4-position, and especially at the 2-position, causes 



TABLE 9.7 

Standard Log Nitration Rate Coefficients 

Substituent 

T (°C) 

Positions 

Species 

charge 

- H a range 

d[log k 2 (stoich)] 

8 (~H 0 ) 

-log kV' 

Substituted pyridines 







2-OMe-3-Me 

25 

5 

+ 

9.1-10.0 

-0.58 

7.98 

2,6 (OMe), 

58.5 

3,5 

+ 

5.7-6.8 

2.17 

4.73 

3-OMe 

60 

2 

+ 

8.1-9.3 

-0.41 

8.09 

3,5-(OMe), 

25 

2,6 

+ 

7.8-8.7 

2.00 

4.75 

g 3,5-(OMe),-2-NO, 

® 4-OMe 

51 

6 

0 

1.5-1.1 

1.12 

2.26 

no 

3,5 

+ 

7.4-8.5 

-0.34 

10.2 

3-OH 

40 

2 

+ 

9.0-10.0 

-0.79 

7.66 

2-NMe, 

30 

3 

+ 

(>.1-9.2 

2.01 

2.68 







1.77 

2-NMe,-3-N0 3 

30 

5 

0 

1.2-9.2 

1.67 

-3.71 

2-NMe,-5-NO, 

30 

3 

0 

6.9-8.0 

1.59 

-4.86 

4-NMe, 

50 

3,5 

+ 

5.7-7.8 

1.49 

2.98 

4-NMe,-3-NO, 

50 

5 

0 

1.2-9.2 

1.61 

-5.05 

2-Ph 

25 

2',6' 

+ 

7.0-7.6 

2.47 

5.15 



3,5' 




4.45 



4' 




4.14 

2,6-Cl, 

120 

3 

0 



9.01 

Substituted pyridones 







2-Pyridone 

25,40 

3 

0 

6.4-8.6 

1.04, 0.91 

0.37 



5 



1.20, 1.08 

0.85 



3- Me-2-pyridone 31—44 5 

5- Me-2-pyridone 35 3 

1.5- Me,-pyridone 29.40 3 

6- OH-2-pyridone 27.5 3 

N-Me-6-OH- 

2-pyridone 27.5 3 

6-OMe-2-pyridone 27.5 3 

4- Pyridone 86-158 3,5 

86-110 

3-NO,-4-pyridone 157 5 

Substituted pyridine N-oxides 

2.6- Me, 80 4 

2-OMe 70 5 

2.6- (OMe), 25 3.5 

2.4.6- (OMe), 25 3.5 

2-Ph 25 2',6' 

3',5' 


Pyridinium cations 

l-Me-2-NHMe 25 3 

5 

l-Me-4-NMe, 25 3,5 


"Average values. 


- 1.70 

- 1.83 
-2.08 


0 4.8-8.4 0.85-1.12 

0 6.3-7.4 1.03 

0 5.8-8.1 0.98. 1.21 

0 5.7-7.0 1.19 -3.43 

0 5.8-6.9 1.23 -2.79 

0 6.0-7.4 1.29 - 2.92 

0 4.5-7.6 1.36-1.53 1.69 

+ 7.4-9.2 - 0.53 9.76 

0 5.0-5.3 1.30 6.26 


0 5.9-7.6 0.73 2.38 

+ 8.68 

+ 7.5-8.4 2.50 7.48 

+ 7.5-8.3 2.75 6.11 

+ 6.6-7.3 2.41 5.59 

4.17 
4.51 


7.2-8.8 2.46 


6.8-7.4 


5.95 

5.60 
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substitution at the 2-position on the conjugate acid. Further nitration of 
3,5-dimethoxy-2-nitropyridine occurs in the 6-position and probably also 
involves the conjugate acid [67JCS(B)1213]. In contrast to the nitration 
of 9.88, 2,3'-dipyridyl TV-oxide (9.89) undergoes nitration in the N-oxide- 
containing ring; the 5-nitration observed (75CHE352) suggests that the 
conjugate acid is involved. By contrast, 2,3'-dipyridyl JV'-oxide (9.90) 
could not be nitrated at all (75CHE352). 



(9 85) (9.86) (967) 



The presence of a strongly electron-supplying dimethylamino group in 
the 2- or 4-positions (cf. 9.91 and 9.92) produces 5- and 3-nitration, re¬ 
spectively (accompanied by side reactions) [72JCS(P2)1940], consistent 
with the involvement, as expected, of the conjugate acids. Attempted ni¬ 
tration of the 3-isomer (9.93) gave only side reactions. 

Nitration of 2-substituted-3-hydroxypyridine (V-oxides (9.94) gave 
~50% yield of 4-nitro derivatives, as also did 2,6-dimethyl-3-hydroxypyr- 
idine iV-oxide (70BAU2440). 



Yields in nitrations of a range of hydroxy- and alkoxypyridine A-oxides 
have been tabulated (70RCR627) as have the activation parameters for 
various substituted pyridine (V-oxides [67JCS(B)1213, 67JCS(B)1235], 

D. 2-Pyrone 


The 35% yield of 5-nitro product from nitration of 2-pyrone by nitro- 
nium tetrafluoroborate may result from adduct formation, but a normal 
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TABLE 9.8 


Calculated Free-Base Rate 
Coefficients for Nitration of 
Pyridine ALOxidfs" 


Substituent 

k, (M 

'sec') 

H 

0.2 


3,5-Me, 

3.0'' 


2.6-CI, 

8.1 x 

10' 

3.5-C1, 

3.6 x 

|0 4 - 

2,6-<OMe), 

8.7 


3.5-<OMe), 

1.5 x 

10* 

2,6-Me,-4-OMe 

6.3 x 

I0 4 

2.4.6-(OMe), 

1.7 x 

lO 1 

3,5-<OMe),-2-NO, 

0.13 



"At 25°C [67JCS(B)I2I3|. 
h In the original paper, these figures were 
transposed because of a typographical error. 


mechanism could also be involved (69JHC313). Nitration of 6-phenyl-2- 
pyrone takes place at the 3-position of the free base, or at higher acidities, 
at the para position of the phenyl ring of the conjugate acid (66JOU1113). 

E. Arsabenzene 

Nitration gives an overall yield of —8% mononitro derivatives in the 
proportion 35% 2- and 65% 4-nitroarsabenzene (81JOC881). 

F. Summary of Kinetic Data 

Standard nitration rates, determined by the method outlined in Chapter 
3, are shown in Table 9.7 [75JCS(P2)1600, 75JCS(P2)1624], 

Rate coefficients have also been calculated for nitration of pyridine N- 
oxides as the free bases, at 25°C (Table 9.8) [67JCS(B)1213], 


5. Halogenation 


A. Pyridines 

Chlorination and bromination of pyridines have been studied under a 
variety of conditions, particularly in the gas phase. The positional substi- 
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tution sequence by electrophilic halogenation is 3 > 5 > 4 [67M11(164)]. 
A good method for obtaining a high yield of 3-bromopyridine is to bromi- 
nate in oleum, the latter oxidizing the hydrogen bromide by-product 
(62RTC864). The reactive substrate under these conditions is the 
C 5 H 5 N + S07 coordination compound. Hydrogen bonding between the 
oxygen and the 2(6)-hydrogen has been postulated to account for the 2(6)- 
bromination observed with some derivatives (72BSF2466). 

Rates of bromination of several methylpyridines by hypobromous acid 
in aqueous perchloric acid at 25°C (Table 9.9) have been measured. Rate- 
acidity profiles and comparison with model compounds showed that the 
conjugate acids were the reacting species (74JOC3481). From this work 
the partial rate factor for bromination of the 3-position of the pyridinium 
ion was estimated as 2-6 x 10" which gives a ct + 3 value of —2.0. 

Chlorination of 2-aminopyridine gives 5-chloro and 3,5-dichloro deriva¬ 
tives in equal amounts when the medium is 17 wt% H 2 S0 4 , but 98 and 
6%, respectively, in 72 wt% H 2 S0 4 . This selectivity was ascribed to dif¬ 
ferences in rates of chlorination of protonated versus nonprotonated spe¬ 
cies (76JOC93). For the more basic 2-aminopyridine chlorination presum¬ 
ably occurs on the monocation throughout the acidity region but the less 
basic 5-chloro derivative chlorinates via the free base at low acidity. 

Bromination of 2-aminopyridine, 2-A,A-dimethylaminopyridine, and 
their 5-substituted derivatives (9.95) has been studied in detail [70J- 
CS(B)117]. All react as the free bases and logarithms of the true second- 
order rate coefficients (corrected to take account of the equilibrium con- 

TABLE 9.9 

Relative Rates and Partial Rate Factors for Bromination of 
Pyridinium Ions" 


Substituents 


l-Me-2.6-(OMe), 

1- Me-2-OMe 

2.4.6- Me, 

1.2.4.6- Me„ 

2.6- Me, 

1.2.6- Me, 

2.4- Me, 

1.2.4- Me, 

4-Me 

1.4- Me, 

2- Me 
1,2-Me, 


Relative Rate 


7.8 x 10 ’ 

1.8 x 10 7 
3.0 x 10 7 

2.3 x 10 7 

2.8 x 10 * 
2.8 x 10" 9 

4.1 x 10‘ 9 

3.6 x I0' 9 

3.1 x 10-" 

4.6 x 10" 
3.1 x 10 " 

3.4 x 10 " 


f, 


2.3 x 10 7 

9.0 x 10 7 
6.9 x 10 7 

8.4 x 10 9 

8.4 x 10 9 

1.5 x 10"" 

9.3 x 10 " 

1.4 x 10 10 
1.0 x 10" 111 


h 


9.8 x 10 9 


8.6 x 10 " 


"With HOBr in HCI0 4 at 25“C. 




Sec. 5.A] 


HALOGEN ATION 


305 



(9.95, X= Me,CI,Br,N02; R =H,Me) (9.96) (9.97) 

centration of free base) are given in Table 9.10. From the rates of bromi- 
nation of the corresponding anilines, values of cr* for the aza substituent 
(i.e., the 3-position in pyridine) were deduced as 0.60 (0.56), 0.63 (0.63), 
and 0.71 (0.58) from the 5-bromo, 5-chloro, and 5-nitro compounds, re¬ 
spectively (values for the dimethylamino compounds in parentheses. 
Comparison with values obtained in the gas phase show that these value 
are affected by hydrogen bonding to the pyridine nitrogen. 

Bromination of 3-aminopyridine (9,97) and 3-A(,Af-dimethylaminopyri- 
dine (9.96) with 2,4,4,6-tetrabromocyclohexa-2,5-dienone shows a re¬ 
markable difference in orientation. Thus, 9.96 is brominated exclusively 
at the 6-position, whereas 9.97 gives 2- and 6-monosubstitution together 
with 2,6-disubstitution. This has been attributed to steric hindrance, 
which follows from the size of the reagent [73JCS(P1)68]. Both 2-amino- 
and 2-iV,A(-dimethylamino-pyridines are brominated solely in the 5-posi- 
tion; in view of the previous results, some 3-derivative might also have 
been expected from the former. 

Bromination of methylpyridines in oleum gives moderate yields of the 
3-bromo derivatives 9.98-9.100 (65RTC951). Appreciable (7%) disubstitu¬ 
tion occurs with 9.100. 

Bromination of 2,6-dimethylpyridine in oleum at 50°C gave 62% of the 
3,5-dibromo derivative, whereas iodination gave 50% of the 3-iodo deriv- 


TABLE 9.10 
Values of Log k „ for 
Bromination of 
Substituted Pyridines" 


Substituent 

log A,” 

2-NH.-5-CI 

4.76 

2-NH,-5-Br 

4.79 

2-NH.-5-NO, 

2.53 

2-NMe.-5-CI 

6.09 

2-NMe,-5-Br 

6.31 

2-NMe,-5-NO, 

4.27 


25°C. 
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(9.98) (9.99) (9.100) 


ative. 2,4,6-Trimethylpyridine gave 87% of the 3,5-dibromo derivative, 
whereas iodination gave only 5.5% of the 3,5-diiodo derivative, the main 
product (60%) being 3-iodo-2,4,6-trimethylpyridine (70RC779). 

B. Pyridones and Hydroxypyridines 

Iodination of 2-benzyl-2-hydroxypyridine (9.101) occurs at the 6- and 
subsequently at the 4-position. Under similar conditions, the correspond¬ 
ing N-oxide gave only the 4,6-diiodo product. This does not necessarily 
prove that the N-oxide function is more effective in activating the 4-posi¬ 
tion; steric hindrance to 6-substitution may be involved (cf. 75CHE478). 
Whereas both aminomethylation and diazonium coupling were easier for 
the N-oxide than for 9.101, the 4-: 6-isomer ratio for both reactions was 
similar for both pyridine and its N-oxide (75CHE478). 

Bromination of 2-pyridone in aqueous solution occurs via the tautomer 
9.102 at pH < 6 and via the conjugate anion at pH > 6; attack occurs 
preferentially at the 3-position in 2-pyridone but at the 5-position in the 
anion. These conclusions, deduced from rate-acidity profiles, were con¬ 
firmed by using model compounds. Below pH 6, 9.102 and 9.103 are of 
similar reactivity, whereas 9.104 reacted 2300 times slower. Above pH 6, 
however, 9.102 becomes much more reactive than 9.103 (82JA4142). 



(9.101) (9.102) (9.103) (9.104) 


Bromination of the 5-monobromo compounds gave similar results, ex¬ 
cept that 5-bromo-2-pyridone now becomes much more reactive than its 
N-methyl analogues above pH 4, which follows from the lower p K a of the 
bromo derivative (82JA4142). 
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4-Pyridone likewise reacts mainly as the neutral pyridone tautomer at 
PH < 6 and via the conjugate anion at pH > 6 , 4-methoxypyridine being 
unreactive by comparison over the whole pH range. Facile dibromination 
of 4-pyridone occurs because at most pH values the lower p/f a of the 
monobromo derivative more than compensates for its intrinsically lower 
reactivity (83CJC2556). 

Bromination of 3-hydroxypyridine takes place readily in aqueous solu¬ 
tion at 20°C giving a 50% yield of the 2,4,6-tribromo derivative 
(50RTC1281); this is indicative of the greater ease of halogenation com¬ 
pared to nitration and sulfonation. 


C. Pyridine AMDxides 

Pyridine N-oxide is unreactive toward iron-catalyzed bromination at 
110°C (55JA2902), but silver sulfate-catalyzed bromination in sulfuric acid 
at 200°C gives a 10% yield of 2- and 4-bromination in the ratio 1 : 2 
(61TL32). With bromine in oleum the main product is 3-bromopyridine 
N-oxide (60%) together with the 2,5-dibromo (—35%), and 2,3- and 3,4- 
dibromo compounds (—5%) (62T227). Presumably the N-oxide function 
is here complexed with sulfur trioxide, which causes deactivation and 
3-orientation. Bromination in acetic anhydride also gives 3-substitution 
(35%); an addition-elimination mechanism has been proposed (65JPJ62). 

Bromination of 3-bromopyridine N-oxide in 90% sulfuric acid gives a 
low yield of 2,3-, 3,4-, and 2,5-dibromo products; that is, bromination 
takes place a and 7 to the N-oxide function. A suggestion that this arises 
because the 3-bromine takes over the orientation from the N-oxide 
(62T227) is probably incorrect. Under such conditions, pyridine N-oxide 
itself appears to brominate as the free base and bromination as free base 
is still more probable for the bromo derivative. 

This view is supported by the bromination in 90% sulfuric acid of 2- 
bromopyridine N-oxide, which gives 2,4- and 2,6-dibromopyridine N-ox¬ 
ide in a 4.5 : 1 ratio. Thus, bromination has taken place a and 7 to the N- 
oxide function, but meta to bromine, so the N-oxide group retains control 
of the orientation. Moreover, in oleum, bromination of 2-bromopyridine 
N-oxide yields 2,3- and 2,5-dibromopyridine N-oxides; reaction now oc¬ 
curs on the protonated N-oxide species. Similar bromination of 4-bromo- 
pyridine N-oxide gives 3,4-dibromopyridine N-oxide (84%) and 3,4,5-tri- 
bromopyridine (10%) (62T227). Use of a-lithiopyridine N-oxide utilizes 
activation of the 2(6)-positions relative to the 4-position (the C—Li bond 
being more polar than the C—H bond). Hence, chlorination and bromina¬ 
tion give 2,6-dihalogenated products (72JHC1367). 2-Bromo- and 2,6-di- 
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bromopyridine (V-oxide can both be obtained by mono- or bis(chloro- 
mercuriation) followed by bromodemercuriation (72JHC1367). 

5-Benzyl-3-hydroxypyridine (V-oxide (9.105) is iodinated in the 4- and 
6 -positions (cf. other reactions described in. Section 6) (74BAU2023), as 
is 3-hydroxypyridine (V-oxide (66RC1875). 



6 " 

(9.105) 


6. Other Reactions 


A. Metallation 

Pyridine can be lithiated in the 3-position by H-butyllithium in 70% yield 
(40JA446; 48JA1037), and in similar yields at other positions by lithiode- 
bromination (46JA103; 51JOC1485; 52JA6289; 55RTC1003). Mercuriation 
of pyridine gives up to 70% of the 3-mercuri derivative (23CB2223; 
32JCS1263), and the reaction is facilitated by electron-supplying groups 
(37USP2085063). Mercuriation of pyridine N-oxide goes into the 2- and 
3-positions (2: 1 ratio) possibly due to coordination of the (very large) 
electrophile with oxygen (58RTC340); 62RTC124). With mercuric acetate 
in acetic acid at 100°C, a mixture of 2-, 3-, and 2,6-mercuriated N-oxides 
in the ratio 8 : 2 : 1 is obtained (62RTCI24), the 3-isomer suggesting some 
involvement of the protonated oxide. 

B. Alkylation and Acylation 

Neither pyridine nor pyridine N-oxide can be alkylated or acylated [but 
see 67MI 1(162) for early reports], 2-Pyridone and 3-hydroxypyridine can 
be carboxylated ortho and para to the hydroxy group under basic condi¬ 
tions (24CB1161; 54CA1337i, 54JOC510). 



(9.106) 


( 9.107) 
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H*/ Hp 



OMe OMe 
l -CH 2 0H 




OMe OMe 
(ca. 100%) 


Ph 

^p/OMe 

/ OMe 


Scheme 9.1. Electrophilic substitution of x'-phosphorins. 


Aminomethylation is possible in hydroxypyridine N-oxides; thus, for 
example, 9.105 is substituted at the 2- and 6-positions (74BAU2023). 3- 
Hydroxypyridine N-oxide itself is aminomethylated at the 2-position. 2,6- 
Disubstituted 3-hydroxypyridine N-oxides react at the 4-position 
(72JOU416). Hydroxy-2-pyridones 9.106 and 9.107 are substituted at the 
6-position (71BAU2222). 

As in hydrogen exchange, nitration, and desilylation, acetylation of ar- 
sabenzene ( 9 . 12 ) shows ortho and para orientation, with the 2 : 3 : 4-iso¬ 
mer ratio of 40: <1 : 300 (78TL2537). Steric hindrance from the arsenic d 
orbitals presumably accounts for the lower reactivity of the 2- compared 
to the 4-position (cf. hydrogen exchange, Section 2.G). In acetylation, 
arsabenzene is more reactive than mesitylene, though the reactivity of 
the latter is reduced through steric hindrance. 

1,l-Dimethoxy-2,6-diphenyl-\ 5 -phosphorin-4-yl tetrafluoroborate un¬ 
dergoes the alkylation and diazonium coupling reactions shown in 
Scheme 9.1 in high yield [73AG(E)753], 

C. Diazonium Coupling 

Pyridine is not nearly reactive enough to undergo direct azo-coupling, 
but 3-phenylazopyridine has been prepared via the prior addition of three 
molecules of sodium sulfite to the pyridine ring (69TL4855). 

Azo-coupling of 5-benzyl-3-hydroxypyridine N-oxide ( 9 . 105 ) goes only 
into the 2-position, probably because of steric hindrance to 6-substitution 
(74BAU2023). 
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D. SULFONATION AND SULFENYLATION 

With oleum in the presence of mercuric sulfate, pyridine gives a 75% 
yield of the 3-sulfonic acid (42CB1108; 43JA2233; 58RTC963). The meth- 
ylpyridines are sulfonated at the appropriate (3-position, but in lower 
yields, namely (60%) (2-methylpyridine), (23%) (3-methylpyridine), (40%) 
(4-methylpyridine) (43JA2233). The lower yields probably arise from oxi¬ 
dative side reactions involving the methyl groups, and this is supported 
by the failure of 2,4-dimethyl- and 2,6-dimethylpyridine to sulfonate at all. 
By contrast, 2,6-di-t-butylpyridine sulfonates quite readily when reacted 
under aprotic conditions in liquid S0 2 (37% yield, 4 hr, -35°C); this is 
attributed to steric hindrance to formation of the deactivated pyridine- 
SO, complex (53JA3865; 66JA986). Hydroxy- and aminopyridines un¬ 
dergo sulfonation at the expected positions. 

Pyridine /V-oxide appears to be rather less reactive than pyridine, be¬ 
cause sulfonation is carried out under conditions of high acidity where 
the protonated species dominates. Under conditions that give 70-75% of 
pyridine-3-sulfonic acid, pyridine N-oxide gives 40-45% of pyridine-3-sul- 
fonic acid /V-oxide, 2.5% of the corresponding 4-isomer, and 45% recov¬ 
ery of starting material (55JA2902; 59RTC586). It is also possible that 
pyridine (V-oxide-SO, complexes are formed and rearrangement of such 
complexes has been proposed as the rate-determining step for sulfonation 
of both pyridine and its N-oxide (75CHE745). 

Sulfenylation of 2-pyridone with sulfur dichloride takes place at the 5- 
position to give a 13% yield of 2,2'-dihydroxy-5,5-dipyridyl sulfide 
( 9 . 108 ). Neither the 3-hydroxypyridine nor 4-pyridone reacted 
(64ACS269). 



( 9 .108) 

E. Demetallation 

Demetallation of 2-substituted pyridines (2-PyMR 3 ) by water or lower 
alcohols is thought to proceed via the formation of an intermediate anion, 
the mechanism thus being analogous to the mechanism for base-catalyzed 
hydrogen exchange. Relative rates for cleavage were Me 3 Si (1.0), Me 3 Ge 
(1 x 10“), Me 3 Sn (22). For silanes, the relative reactivity order was 
SiMe 2 H > SiMe 3 > SiPh 3 > SiEt 3 . Compounds with methyl substituents 
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at the 3- and 5-positions were less reactive than those with methyl substit¬ 
uents at the 4- and 6-positions [68JCS(B)450, 68JC765, 68JC878,1008, 
68JOM( 13)113]. 


7. Side-Chain Reactions 

A. Pyrolysis of Esters 


a. Pyridine 

This gas-phase reaction provides the only method currently available 
for determining cr + values for the non-hydrogen-bonded pyridine free 
base. The method requires neither assumptions, extrapolations, nor ap¬ 
proximations; the p factor of the reaction is sufficiently small that the 
reactivities of the pyridine and benzene derivatives can be compared di¬ 
rectly. The method was first introducted for determining the electrophilic 
reactivity of pyridine [62JCS4881; 71JCS(B)2382] using 1-arylethyl ace¬ 
tates ( 9 . 109 ). Subsequent determinations used 1-aryl-l-methylethyl ace¬ 
tates. ( 9 . 110 ) and 1-arylethyl methyl carbonates ( 9 . 111 ) [79JCS(P2)228]. 


0 ) H 

v r 

i^ c =° 


0 J H 


(9.109, Ar = Ph, 2-, 3-, 4-Py) (9.110, Ar = Ph, 2-, 3-, 4-Py) 


A,™ 

MeCK C_0 

(9.111, Ar = Ph, 2-, 3-, 4-Py) 


The stoichiometry is 2.0 for the two former reactions and 3.0 for the lat¬ 
ter, in which the initially formed methylcarbonic acid decomposes instan¬ 
taneously. Of these three reactions the first is the best documented. The 
reaction data and the u + values obtained are given in Table 9.11. 


TABLE 9.11 

Electrophilic Reactivity ok Pyridine via Pyrolysis of Esters 


Esters 

T (K) 

P 


<x + 


2 

3 

4 

1-Arylethyl acetates ( 9 . 109 ) 

625 

-0.63 

0.78 

0.295 

0.865 

1 -Arylethyl methyl carbonates ( 9 . 111 ) 

600 

-0.71 

0.76 

0.30 

0.85 

l-Aryl-l-methylethyl acetates ( 9 . 110 ) 

550 

-0.743 

0.89 

0.285 

0.86 
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With the exception of the result for the 2-position in the pyrolysis of 1- 
aryl-l-methylethyl acetates, the other data are in excellent agreement. 
They show that the electrophilic reactivity of the pyridine positions rela¬ 
tive to benzene is benzene > > 3-pyridine > > 2-pyridine > 4-pyridine. 

This order is that required by theory, and discussion of the magnitude 
of the values in relation to those obtained in solution, and theoretical cal¬ 
culations, is deferred to Section 9. The abnormally low reactivity of the 
2-position in pyrolysis of the bulkier ester ( 9 . 110 ) may reasonably be at¬ 
tributed to a steric effect of some kind. While it is easy to propose various 
effects relating to the degree of coplanarity of the bulkier carbocationic 
transition state and the aromatic ring, it is not certain that decreased co¬ 
planarity with an electron-deficient ring would in fact result in reduced 
reactivity. Alternative effects are (1) attraction of the side-chain methyl 
hydrogens to the nitrogen atom, favoring coplanarity; (2) steric interac¬ 
tion between the side-chain methyl group and the nitrogen lone pair, in¬ 
hibiting coplanarity; and (3) electrostatic repulsion between the nitrogen 
lone pair and the oxygen, reducing coplanarity. 

Each of these factors is avoidable in the 1-arylethyl compounds. 

b. Pyridine N-Oxide 

The gas-phase pyrolysis of 1-arylethyl acetates has also been used to 
determine <r + values of 0.81 and 0.016, respectively, for the 3- and 4- 
positions of pyridine N-oxide [75JCS(P2)277]. These show that the 4-posi¬ 
tion is the most reactive, and little less reactive than that of a position in 
benzene; further discussion is deferred to Section 9. 

For the 2-position, no valid results were obtained, due to an exception¬ 
ally fast elimination which yielded 2-acetylpyridine instead of the ex¬ 
pected 2-vinylpyridine A-oxide; the former was shown not to arise from 
isomerization of the latter. This elimination is probably accelerated by a 
neighboring group effect (these have since been identified in other elimi¬ 
nations, 83MI1), which induces an acetyl migration followed by hydride 
transfer (for example, see Scheme 9.2). An alternate mechanism involves 




Scheme 9.2. Possible mechanism for formation of 2-acetylpyridine from 2-( l-acetoxy- 
methyl)pyridine N-oxide. 
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prior oxygen migration to the side chain to give 9.112, which, being a 
1,1-diol derivative, would eliminate very rapidly. Elimination from 2-( I - 
hydroxyethyl)pyridine A7-oxide occurred at almost the same rate as from 
the ester, possibly by successive migration of a proton and a hydride ion, 
though the similarities in rates indicates a common rate-determining step 
for both reactions. 



(9.112) 


B. Solvolysis of 1 -Aryl- 1-methylethyl Chlorides 

a. Pyridine 

The side-chain carbocation method for determining heterocyclic reac¬ 
tivities, first used in the pyrolysis above, has been applied in solution 
using the solvolysis of 1-aryl-l-methylethyl chlorides (ArCMe 2 Cl) 
(73CJC1620, 73JOC2657). Results obtained (Table 9.12) show clear sol¬ 
vent dependence. The values for the 2-position agree well with those de¬ 
termined in the gas phase (Table 9.11), but the values for the other posi¬ 
tions are -0.25 tr units more positive in solution. This has been attributed 
to hydrogen bonding in the 3- and 4-substituted derivatives; at the 2-posi- 
tion this bonding would be sterically inhibited by the bulky tertiary group, 
leading to consistency of the gas-phase and solution data [73CJC1620; 
74MI 1(222)]. Activation parameters indicated that the solvolyses are en¬ 
tropy controlled, so solvation factors are important. Hydrogen bonding 


TABLE 9.12 

Electrophilic Reactivity of Pyridine via Solvolysis of 
1-Aryl-I-methylethyl Chlorides 


Solvent 

T (°C) 

2 

3 

4 

55% aq. acetone 

25.5 

0.72 

0.47 

1.20 

45% aq. acetone 

40 

0.72 

0.45 

1.14 

Methanol 

25 

0.73 

0.57 

1.13 

Aq. ethanol 

75 

0.75 

0.54 

1.16 
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and differential solvation must be principal causes of the wide variation 
in o’ values for pyridine from various determinations [see e.g., 
64AHC(3)209; 66JCS(B)937; 70AJC203 ; 72AJC431], Significantly, of all 
the determinations in solution, those using carbon tetrachloride as solvent 
(no hydrogen bonding) gave the least positive overall values [i.e., 0.63 
(2), 0.33 (3), 0.66 (4)] [66ZN(A)1906]. Values for ct 3 between 0.27 and 0.40 
have been obtained in chloroform or solvent-free systems. 

b. Pyridine N-Oxide 

From solvolysis of 1-aryl-l-methylethyl chlorides in 80% aqueous etha¬ 
nol o + values for the 2- and 4-positions of pyridine A-oxide have been 
determined as 0.68 and 0.45, respectively (73JOC2657). The value for the 
4-position is again more positive than that obtained in the gas phase and 
the discrepancy is about twice that found for pyridine. This is precisely 
the expectation for the effect of hydrogen bonding, which is much 
stronger in the case of the N- oxide. 


8. Transmission of Substituent Effects in Pyridine 

In contrast to the heteroatom in five-membered heterocycles (Chapter 
6), a pyridine nitrogen atom should be able to transmit electronic effects 
in a manner similar to a CH group in benzene. Difficulty attends assess¬ 
ment of such transmission abilities by comparison of the reactivities of 
pyridines and benzenes because the Hammett p factor obtained will be a 
measure of both the transmission ability (64JCS627) and the transition- 
state charge. Because pyridine is less reactive, the transition state for its 
reactions should be nearer to the Wheland intermediate than the corre¬ 
sponding transition states for reactions of the corresponding benzene 

TABLE 9.13 

p Factors for Hydrogen 
Exchange in Sulfuric 


Compounds 

P 

Dimethylanilines 

-3.2 

Anilines 

-3.3 

Phenols 

-4.9 

Benzenes 

-7.5 

Pyridinium ions 

-12.9 
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compounds, according to the principles given by Norman and Taylor 
[65M11(298)]. Early work showed that conjugative effects in pyridine ap¬ 
peared to be greater as a result of attachment to a more electron-deficient 
system (59JA1935). A more detailed analysis of substituent effects for 
hydrogen exchange in sulfuric acid (Table 9.13; the pyridine data are de¬ 
rived from these in Table 9.1) showed clearly that the p factor parallels the 
reactivity of the parent aromatic as required by the reactivity-selectivity 
effect, and thus a very large value applies to the unreactive pyridinium 
ions [74JCS(P2)1294], 

These results do not, as noted above, give any direct indication of the 
difference in transmission ability of =N versus =CH—. For this, one 
must compare the effects of substituents in 9.113 with 9.114, though even 
here the results are blurred because of the dual transmission pathway. 
It is difficult to make the comparison using a conventional electrophilic 
substitution (except by prelabeling, e.g., as in detritiation) because substi¬ 
tution at the desired point is likely to be a minor component and difficult 
to measure accurately. The side-chain carbocation method has therefore 
been used. 


X 



(9.113) (9.114) 


An extensive set of data has been obtained by Noyce and Virgilio 
(73JOC2660) for solvolysis of 1-aryl-l-methylethyl chlorides (9.115— 
9.119) in 80% aqueous ethanol at 70°C, for which the p factor for benze- 
noid compounds is -4.0. The log k/k 0 values are given in Table 9.14, 
along with 8 log k/k u values, the differences between the observed values 
and those calculated from the standard cr + values and the p factor of 
-4.0. Thus a positive value means that the compound is more reactive 



(9.115) 


(9.116) 


(9.117) 


(9.118) 


(9.119) 
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TABLE 9.14 

Kinetic Data for Solvolysis of Substituted 1-U-Pyridyl)- 
I-METHYLETHYL CHLORIDES IN 80% ETHANOL 


Compounds 

Substituents 

log k/k 0 

S log klk„ 

2-Pyridyl 

4-Me 

0.22 

-0.04 

(9.115, 9.116, 9.117) 

5-Me 

1.15 

-0.09 


6-Me 

0.62 

0.36 


4-CI 

-1.45 

0.14 


5-C1 

-0.13 

0.32 


6-CI 

-0.85 

0.74 


5-OMe 

3.67 ± 0.3 

0.5 


6-OMe 

1.003 

1.19" 


6-OEt 

1.01 

1.20 


6-Ph 

0.23 

0.67 


4-Cl-5-OMe 

1.81 

0.313 

3-Pyridyl 

5-Me 

0.22 

-0.04 

(9.118, 9.119) 

6-Me 

1.29 

0.05 


5-Br 

-1.22 

0.40 


“Sign incorrect in original paper. 


than expected, and vice versa. These interesting results were not ana¬ 
lyzed in the original paper. The complexity of the observed effects in¬ 
cludes the following factors. 

(1) Methyl groups in positions 4 and 5 in either series all activate less 
than they should. 

(2) Chloro groups in positions 4 and 5 in the 2-pyridyl compounds and 

5- bromo in the 3-pyridyl compound all deactivate less than they should. 

(3) Methoxy groups in positions 5 and 6 activate much more than they 
should. 

(4) Substituent effects are not additive. 

(5) Compounds 9.117 are more reactive than the corresponding com¬ 
pounds 9 . 115 , and much more reactive than predicted. 

The last result strongly suggests that hydrogen bonding must be a major 
factor involved. Thus the presence of the bulky substituents at the 2- and 

6- positions will inhibit hydrogen bonding so that the 6-substituted com¬ 
pounds ( 9 . 117 ) will be less hindered, and therefore more reactive, than 
the 4-substituted isomers ( 9 . 115 ). Compounds 9.117 will also be excep¬ 
tionally reactive relative to the unsubstituted compound, for which hy¬ 
drogen bonding will be greater. To assess this factor, rates of gas-phase 
pyrolysis of l-(2-pyridyl)ethyl acetates ( 9 . 120 ) have been measured (Ta¬ 
ble 9.15) [79JCS(P2)624]; the 8 log k/k 0 values are derived the same way 
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I 

OAc 

(9.120, X = 4-, 5-, and 6- Substituents) 


as those in Table 9.16 and for qualitative comparison with the latter they 
must be multiplied by 6.6 (the ratio of the respective p factors). 

Here the 4-Me substituent behaves normally, but as in the solvolysis, 

5- Me is less activating while 5-C1 is less deactivating than predicted by 
comparison with their effects in benzene. Clearly a factor operates which 
is solvent independent, and it has been suggested that the inductive effect 
is less readily transmitted in pyridine than in benzene [79JCS(P2)624], 
This would also account for the fact that all of the alkoxy substituents in 
both sets of work are more activating than predicted. The discrepancy in 
reactivity between the 4- and 6-methyl-substituted compounds is much 
greater in the solvolysis (0.40) than in the pyrolysis (0.013), the latter 
value becoming 0.086 after correction for p factor difference. This 
strongly supports the view that the abnormally high reactivity of all of the 

6- substituted compounds in solvolysis is due to inhibition of hydrogen 
bonding. Nevertheless, there appears to be an additional factor at work, 
since even in the gas phase both the Me and OEt substituents activate 
more from the 6- than from the 4-position. Since the discrepancy is 
greater for OEt, which has the larger +M effect, it may be that nitrogen 
transmits conjugative effects more effectively than carbon. Alternatively, 
electron-donor mesomeric effects may be more drawn into play in the 
electron-deficient nitrogen-containing system. Firmer conclusions, how¬ 
ever, can come only from additional studies of substituent effects in the 
gas phase. 


TABLE 9.15 

Kinetic Data for Pyrolysis of 1-(2-Pyridyl)ethyl Acetates (9.120) 


X 

H 

4-Me 

5-Me 

6-Me 

5-CI 

4-OEt 

6-0 Et 

log klk„ at 650 K 

0 

0.061 

0.137 

0.074 

-0.033 

0.027 

0.047 

8 log klk 0 

- 

0 

-0.038 

0.013 

0.032 

0.030" 

0.50" 


i-OEt 


ed Tor l-arylethyl acetates. 
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9. Comparison of Theoretical Calculations of the Reactivity of 
Pyridine and Pyridine V-oxide with Observed Data 

A. Pyridine Free Base 

The cr + values for the pyridine free base determined in the gas phase 
are as shown in 9.121 [62JCS4881; 71JCS(B)2382]. These show that all 
positions are deactivated, the reactivity order being benzene >> 3-Py 
» 2-Py >> 4-Py, and that the 3-position is about as deactivated as a 
meta-position in chlorobenzene whereas the 2- and 4-positions are about 
as deactivated as the ortho- and para-positions in nitrobenzene 
(62JCS4881). 


0.865 



(9.121) 


Various theoretical calculation of pyridine reactivity have been carried 
out, usually involving the Hiickel or Extended Hiickel method (59JA1935; 
62JCS4881; 65CCC355; 67T2513; 68CCC3138). However, their validity 
depends critically on the parameters used for the coulomb and resonance 
integrals, and use of auxiliary inductive parameters for the 2- and 6-car- 
bon adjacent to the electronegative nitrogen. For the coulomb integral 
“n (= “c + h$) it is generally agreed that h should be 0.5 (51JCP1323; 
56JCS272), while the resonance integral 0 CN should be the same as (3 CC 
(52QR63; 56JCS272). Analysis of nucleophilic and free-radical substitu¬ 
tion reactions of pyridine, and substitution in quinoline and isoquinoline 


TABLE 9.16 

n Densities and Localization 
Energies for Electrophilic 
Substitution of Pyridine" 



ir Density 

L/l- P 

2-Position 

0.957 

2.686 

3-Position 

0.982 

2.5% 

4-Position 

0.951 

2.698 


"(62J488I). 
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[59JCS3451; 60T(8)23], indicated that the coulomb integral for the 2(6)- 
carbons a c . (= a t + h' 0) requires a value of 0.085 for h'. Experimental 
ct + values are plotted against the -it densities calculated with these param¬ 
eters (Table 9.16) in Fig. 9.1. The quality of the correlation is quite re¬ 
markable, and indeed is unparalleled for any other electrophilic substitu¬ 
tion of any aromatic; all other sets of parameters give poorer correlations. 

Because electron-supplying conjugative effects are not important in 
pyridine, the molecule is one for which a correlation of reactivities with 
both tt densities and localization energies could be expected. Localization 
energies were calculated with the requirement that the auxilliary induc¬ 
tive effect is only partially operative at localized centers (42JA900), and 
using a value of 8 of 0.43 (a c . = a c + 8/z0) indicated by reactions of 
quinoline and isoquinoline [59JCS345I; 60T(8)23]. The correlation with 
o + values (Fig. 9.2) is again excellent. 

B. Hydrogen-Bonded Pyridine 

From the solvolysis of 1-aryl-l-methylethyl chlorides, average cr + val¬ 
ues for the hydrogen-bonded molecule are 0.73 (2), 0.51 (3), and 1.16 (4) 
and these values should apply reasonably well in protic solvents. Any 



Fig. 9.1. Plot of experimental <r + values versus it densities for pyridine. 
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attempts to correlate them with theoretically calculated parameters is at 
present impractical because of the differential positional and substrate 
hydrogen bonding. 


C. Pyridinium Cation 

Localization energies have been calculated for the pyridinium ion as 
follows: -2.85(3 (2-position), -2.62 (3-position), -2.84 (4-position) 
(59JA1935). These show the expected greater deactivation relative to pyr¬ 
idine (cf. Table 9.16), coupled with 3-orientation. However, the values 
will be rather inaccurate because no auxiliary inductive parameter (most 
important here) was used, and also the calculations do not take account 
of hydrogen bonding. A value of ct* for NH + has been determined from 
hydrogen exchange of substituted phenols and the pyridine analogues as 
1.85 [68JCS(B)866]; the value is less positive than the cr m values of 2.02 
and 2.1 [64AHC(3)209; 72JCS(P2)671]. The differences reflect solvation 
effects, or, more probably, the higher reactivity of the hydroxy com¬ 
pounds with consequent attenuated deactivation by nitrogen. 
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D. Pyridine 7V-Oxide Free Base 

The ct + values for the 3- and 4-positions of pyridine N-oxide free base 
determined in the gas phase are shown in 9.122 [75JCS(P2)277]. These 
show that the 4-position is much more reactive than the 3-position and is 
almost as reactive as a position in benzene. For this molecule, +M elec¬ 
tron release will be substantial, so quantitative correlations with both tt 
densities and localization energies will not be possible. The small p factor 
for pyrolysis means that the transition state is nearer to the ground state 
and so a correlation with it densities should apply. This is indeed the 
case, the values (Table 9.17) [59JAI935; 75JCS(P2)277] predicting the po¬ 
sitional order 2 > benzene s* 4 > 3; CNDO/2 calculations also produce 
the same positional order (benzene excluded) (71TL387). Because of the 
polarizability of pyridine N-oxide, localization energies predict that, in 
reactions of high demand for resonance stabilization of the transition 
states, both the 2- and 4- positions should be activated. 

0.016 

0.81 

I 

CT 

(9.122) 

E. Hydrogen-Bonded Pyridine AT-Oxides 

Hydrogen bonding substantially reduces the reactivity of pyridine N- 
oxide so that cr + values determined for the 2- and 4-positions from solvol- 

TABLE 9.17 

it Densities and Localization 
Energies for Electrophilic 
Substitution of Pyridine /V-Oxide° 



n Density 

p 

2-Position 

1.011 

2.34 

3-Position 

0.987 

2.58 

4-Position 

0.999 

2.42 

Benzene 

1.000 

2.54 



“[59JA1935; 75JCS(P2)277], 
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ysis of 1-aryl-l-methylethyl chlorides (73JOC2657) are 0.68 and 0.45, re¬ 
spectively. These indicate substantial deactivation. Comparison of the 
reactivity of the 4-position in this reaction with that in pyrolysis of the 

1- arylethyl acetates indicates that hydrogen bonding reduces the former 
reactivity by 0.44 tr units. This is not unreasonable since, for example, in 
trifluoroacetic acid the reactivity of the para-position of anisole is reduced 
by 0.2 tr units as a result of hydrogen bonding (73MI1). 

Because hydrogen bonding here is at oxygen rather than nitrogen, the 
reactivities of the 2- and 4-positions should be more adversely affected 
than that of the 3-position. This may partially account for the value of 
cr,!,, determined from hydrogen exchange of hydroxy compounds, being 
0.8 which is the same as in the gas phase. However, this value was deter¬ 
mined from comparison of much more reactive compounds, which has 
probably attenuated it somewhat (see also Section 3), and indeed good 
evidence supports this view [68JCS(B)866]. 

F, Protonated Pyridine N-Oxides 

The value of a* for N + OH has been determined as above by compari¬ 
son of the reactivities of substituted pyridines and benzenes, giving 2.1 
(phenoxides) and 2.3 (phenols) [68JCS(P2)866] and these are similar to 
values of tr m (2.25, 2.3) [64AHC(3)209; 72JCS(P2)671], Localization-en¬ 
ergy calculations [59JA1935] gave values of L r + as -2.70(3 (2), -2.58(3 
(3), and - 2.67(3 (4), which predict that protonation should lower the reac¬ 
tivity only of the 2- and 4-positions (cf. Table 9.17). However it appears 
from comparison of the reactivity of the 3-position that this is also sub¬ 
stantially lowered. 

G. Pyrylium and Thiopyrylium Ions 

The values of ct*, again determined from phenols and phenoxides, are 
3.0 to >3.7 (0 + ) and 3.2 to >3.7 (S + ) [68JCS(B)866]. Positively charged 
0 + and S + are by far the most deactivating substituents known. 

H. Methyl-Substituted 2-Pyridones 

ir-Density calculations for a variety of mono- and dimethyl-substituted 

2- pyridones indicate the positional reactivity order 3 > 5 > 4 > 6, regard¬ 
less of the location of the substituents (68CCC394). 



Sec. 9.1] 


THEORETICAL VERSUS OBSERVED DATA 


323 


I. Comparison of Standard Data for Nitration and 
Hydrogen Exchange 

The large amount of rate data for hydrogen exchange and nitration of 
substituted pyridines under the defined standard conditions has been 
compared [78JCS(P2)613]. No simple correlation is found (Fig. 9.3) 
(78JCS(P2)613). Polarizability, differential hydrogen bonding and solva¬ 
tion effects can, as described in the foregoing discussion, affect different 
reactions in considerably different ways. It follows that there is no unique 
set of reactivity parameters applicable to all reactions, and the concept 
of an absolute “reactivity scale” toward electrophilic substitution is un¬ 
attainable. The reactivity produced by a substituent depends on the elec¬ 
trophile involved, and upon the conditions. 



o "log k| (NIT) 


Fig. 9.3. Plot of rate data for hydrogen exchange versus rate data for nitration of substi¬ 
tuted pyridines. 
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Chapter 10 


Six-Membered Rings: Electrophilic Substitution 
in the Azines 

BY M. Ross Grimmett* 


1. Reactivity of the Monocyclic Azines 

This chapter is concerned with the electrophilic substitution of pyridaz- 
ine, pyrimidine, pyrazine, and their derivatives. Aspects of this topic 
have been reviewed previously [72AHC(14)99; 74AHC(16)1] and the gen¬ 
eral chemistry of the monocyclic azines has been surveyed in Compre¬ 
hensive Organic Chemistry, Vol. 4 (1979) and Comprehensive Heterocy¬ 
clic Chemistry, Vol. 3 (1984). 



Pyridazine Pyrimidine Pyrazine 


The fact that none of these reports has emphasized the physical aspects 
of electrophilic substitution in the series reflects the paucity of quantita¬ 
tive studies, and the low reactivity of these compounds in the presence 
of electrophiles. Few kinetic studies have been reported and the regio- 
chemical effects of substituents have seldom been quoted in quantitative 
form. The present chapter brings together those quantitative results that 
are available, and collates data on substituent effects. One worthwhile 
field of study would appear to be the application to the azines of Taylor’s 
method involving thermolysis of esters [75JCS(P2)277, 75JCS(P2)1783], 

The resistance of pyridine toward electrophilic substitution is well 
known, and this reluctance to react is enhanced in the protonated species. 
Incorporation of extra annular nitrogen atoms further decreases this reac¬ 
tivity with electrophiles; each aza substituent has an electron-withdraw¬ 
ing effect similar to a nitro group. One estimate of the cr* value for an 
aza substituent (=N—) is 0.65, and 1.95 for the protonated species 
(=N + H—) [68JCS(B)1484] (see also Chapter 9, Sections 9.A-9.C). Val- 
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ues have been calculated for ct. For example, Perrin (65JCS5590) deter¬ 
mined the Hammett substituent constants [—N=, <r 0 (0.56), cr m (0.60), cr p 
(0.83); —N + H=, cr 0 (3.21), o m (2.18), o p (2.42); =N + (0) , o m (1.48), cr p 
(1.35)] by comparison of the dissociation constants of pyridinecarboxylic 
acids and benzoic acids. Although there are variations in the values of 
the constants [e.g., 0.73 for o m (=N—)] [66JCS(B)937, 66QR75; 
68JCS(B)864], they provide a useful measure of the comparative effects 
of the annular nitrogens. Additivity of the values allows one to calculate 
the influence of two or more such substituents on the ring. Thus, using 
Perrin’s figures, the total ct constant for the =N—N + H= group of pyri- 
dazinium at C-5 is computed to be 3.01, a combination of cr m for=N + H— 
(2.18) and cr p for =N— (0.83). 

Exocyclic substituents will also modify reactivity through their steric 
and electronic effects. Substitution will occur readily only in those azines 
that possess one or more activating groups, and the ease of attack will 
decrease as the number of annular nitrogens increases (although -rr-den- 
sity calculations suggest that there is little difference in tt deficiency be¬ 
tween the 2-positions of pyrazine and pyridine) [72AHC( 14)99]. As a gen¬ 
eral rule, those azines with adjacent nitrogens are less prone to 
electrophilic attack at nitrogen than when the aza functions are remote 
from each other, while azine N-oxides seem to be only marginally more 
reactive toward electrophilic substitution than the nonoxygenated 
analogues. 


2. Acid-Catalyzed Hydrogen Exchange 

In view of the known resistance of pyridine and its N-oxide and methio- 
dide to acid-catalyzed tritiation and deuteriation (64CPB1384; 67MI1), 
any analogous exchange in the azines can only be slow. Acid-catalyzed 
hydrogen exchange has been studied by Katritzky and co-workers as a 
prospective means of comparing the reactivity of a wide range of heteroaro 
matics in electrophilic substitutions [73JCS(P2)1065, 73JCS(P2)1077; 74 
JCS(P2) 1294] (See Chapter 2). All hydrogen exchange data for such com¬ 
pounds can be summarized by the equation 

log / = p X cr + - p' X TT(T + + 1.6 

where / is the partial rate factor defined under standard conditions (H a 
= 0; T = 100°C) [74JCS(P2)1294]. The X cr + term sums the substituent 
constants and X it cr + allows for interactions between substituents. This 
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empirical equation, with values of p and p' of 6.3 and 2.1, respectively, 
gives the best fit for the points and has considerable predictive power, 
though its theoretical basis is doubtful. Unfortunately, complicated ex¬ 
trapolations are frequently needed to bring temperature and acidity to the 
standard conditions. Standardized rate coefficients calculated for acid- 
catalyzed hydrogen exchange under these conditions obey the Hammett 
equation with a p value of -7.5 [73JCS(P2)1077], 


A. Pyridazines 

An attempt to study the kinetics of acid-catalyzed deuterium exchange 
for a number of substituted pyridazines was partially frustrated by the 
instability of some of the azines in concentrated acid. Although 3,6-dihy- 
droxypyridazine and its 4-chloro and 4-methyl analogues exchanged to 
the extent of about 50%, the 3,6-dimethoxy, 3-amino-6-methoxy, 3- 
amino-6-chloro, and 4-methoxy compounds were either hydrolyzed or de¬ 
composed by the acid. Only 4-aminopyridazine and pyridazin-4(I//)-ones 
gave satisfactory kinetic results [68JCS(B)873]. It had been reported ear¬ 
lier that acid-catalyzed exchange would not occur with pyridazin-3(2//)- 
one or its I-oxide even at I00°C in 98% sulfuric acid (67CPB1411). 

Katritzky and Pojarlieff [68JCS(B)873] demonstrated that 4-aminopyri¬ 
dazine exchanges as the cation at C-5 (at 186°C; H 0 = 0.8-3.3), the ex¬ 
change competing with hydrolysis to pyridazin-4(l/f)-one. In both of the 
pyridazinones exchange occurs at C-5 in the free base, while at lower 
acidity all positions can exchange. At pD 2.1, H-3 of pyridazin-4( I//)-one 
exchanges most rapidly (k = 3.91 x lO - * sec -1 ), and H-6 (k = 1.47 x 
10 5 sec -1 ) exchanges slightly faster than H-5 {k = 9.98 x lO 6 sec~'). 
The surprising occurrence of acid-catalyzed exchange at C-5 in pyridazin- 
3(2//>one may be due to reaction via a covalently hydrated species 
[68JCS(B)873], as with pyrimidin-2( l//)-one (vide infra). 

2-//-Cyclopenta[d]pyridazine undergoes exchange at the 5- and 7-posi- 
tions (69JA924). Protonation at these sites rather than at nitrogen is aided 
by the benzenoid nature of the transition state (Scheme 10.1) (cf. indoli- 
zine. Chapter 8, Section 2.B). 



Scheme 10.1 
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B. Pyrimidines 

The free base forms of 2-amino- and 6-amino-2,4-dimethylpyrimidines 
can undergo hydrogen-deuterium exchange at the 5-position in dilute acid 
(pD >3.7). The latter compound can also exchange as the conjugate acid, 
but both are hydrolyzed in concentrated acid. Activating substituents are 
necessary for reaction at any measurable rate. Second-order rate coeffi¬ 
cients determined at 107°C were 1.43 x 10 -2 M~' sec -1 for 2-aminopy- 
rimidine, 9.78 M~' sec“' for 6-amino-2,4-dimethylpyrimidine, and 1.65 
x 10“ 4 M~' sec -1 for 6-methyl-2,4-diaminopyrimidine [68JCS(B)1484], 
However, in the case of pyrimidin-2( 1 //)-one, the rate profile suggested 
reaction of the free base in the pD range 0.27-5.00, although the value of 
the second-order rate coefficient was 10 4 times higher than that for 2- 
pyridone [67JCS(B) 1226]. This implies that the two reactions go by differ¬ 
ent mechanisms. An indication that the addition of water is involved in 
the exchange of pyrimidin-2(l//)-one came from the relatively steep slope 
of the rate profile in the H 0 region. Thus it was inferred that the covalent 
hydrate 10.1 (Scheme 10.2), formed in small equilibrium quantity in a fast 
reversible reaction, was undergoing slow deuterium exchange 
[68JCS(B) 1484]. Support for this mechanism came from a study of the 
1,2-dihydro-1,3-dimethyl-2-oxopyrimidinium ion ( 10 . 2 ), in which the 
methyl groups were expected to retard the rate of formation of any cova- 



D D 


Scheme 10.; 
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lent hydrate. The bimolecular rate coefficient (80 M ~ 1 sec 1 ) for the pseu¬ 
do-base of 10.2 is somewhat greater than that (50 M ' sec 1 ) for 10 . 1 . 
Additional methyl groups, as in 1-methyl- and 4,6-dimethylpyrimidin- 
2(l//)-one, have two partially cancelling effects in that they decrease the 
amount of covalent hydrate in the equilibrium mixture, but at the same 
time they increase its reactivity. 

Exchange at C-2 in l-methylpyrimidin-4(l//)-one is believed to involve 
ylide formation at that position (71T953). 

Although attempts to exchange deuterium for ring hydrogens in the 1,4- 
diethylpyrazinium dication led only to decomposition, exchange does oc¬ 
cur in the corresponding pyrimidinium species ( 10 . 3 ), for which the half- 
lives of exchange at C-2 and C-5 at 78.2°C in CF,CO,D were 12 and 29 
hr, respectively. Neither of the equivalent H-4 and H-6 atoms of 10 . 3 , 
nor any of the ring hydrogens of l-ethylpyrimidinium tetrafluoroborate, 
was subject to measurable exchange under similar conditions. These ob¬ 
servations prompted Curphey (65JA2063) to conclude that two distinct 
mechanisms must be operative, an addition-elimination process for C-5 
deuteration, and exchange via an ylide at C-2. 


O’ 



(10.2) (10.3) (10.4) 

With more than one electron-releasing substituent present, electro¬ 
philic subtitution becomes much easier. Thus, uracils are deuteriated at 
C-5 when boiled with 6 M DCI (70JHC903), and 1,3,6-trimethyluracil 
readily undergoes acid-catalyzed H-D exchange at C-5 in D 2 0. Although 
this process may involve direct electrophilic substitution, covalent hydra¬ 
tion across the 5,6-bond followed by elimination cannot be ruled out 
(66CJC335). Indeed, uracil itself, existing largely as structure 10.4 in 
aqueous media [66JCS(B)565], is subject to slow deuterium exchange 
when dissolved in D 2 0-DMSO; the rate is increased by acid or base 
(66JOC175). In D 2 S0 4 , exchange in both uracil and 1,3-dimethyluracil 
varied little with concentration of the catalyzing acid, showing reactions 
to occur on the free bases. Log exchange rate under standard conditions 
were determined as - 1.23 and -0.37, respectively [78JCS(P2)613]. 

Tritium is lost from the 5-position of tritiated pyrimidine nucleosides. 
For example, at the 5-position of uridine, tritium has a half-life of 12 hr 
in 0.5 M H 2 S0 4 at 100 °C, compared to 2.4 hr for uracil (64MI1; 67B3576). 
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Initial attack in all these species is considered to be at C-6 by a nucleo¬ 
phile such as water, (i.e., covalent hydration in implicated). 

In pyrimidine 7V-oxides, deuterium exchange is facilitated more than in 
the nonoxygenated analogues, with the effective rate constant for ex¬ 
change at C-2 being an order of magnitude higher in the oxide 
(83CHE1003). Exchange in 5-hydroxypyrimidine Af-oxide ( 10 . 5 , R = H) 
and the 4,6-dimethyl derivatives ( 10 . 5 , R = Me) has been examined at 
pD 0.5-10.0 at 160°C. The anionic and neutral forms are the most reactive 
and the reaction shows a conversion from the normal S E 2 mechanism at 
high acidity to the base-catalyzed S E 1 mechanism (see below) at pD > 6. 
The greater electron supply in the dimethyl compound permitted ex¬ 
change to occur partially on the protonated species (84BAU2469). 


R 



o- 


R=H, Me 

( 10 . 5 ) 


C. Pyrazines 

Pyrazine is partially deuteriated in D 2 S0 4 at 230°C (63SA1473). 

D. Triazines 

Acid-catalyzed deuterium exchange at C-3 in 1,2,4-triazine occurs at 
100°C in neutral D 2 0 and in 0.02 M DCI with the same rate coefficient 
(* obs . = 14 x 10 -5 sec -1 ). At higher acidity (0.2 M DCI) the exchange 
rate rapidly falls to zero (72JHC995; 73T2495). Clearly, substituents at 
C-5 are involved in the reactions since a 5-methyl group decreases the 
rate 20-fold (/c obs = 6.9 x 10 -6 sec -1 ); a 5-phenyl group prevents reac¬ 
tion, probably for steric reasons, although the insolubility of the phenyl- 
triazine in D 2 0 must have been a factor. That a 6-methyl group has little 
effect can be deduced from the rates for 6-methyl-1,2,4-triazine (13 x 
10 -5 sec -1 ) and the 5,6-dimethyl derivative (9.0 x 10 -6 sec - '). Thus, a 
covalently hydrated species [not protonated as in the pyrimidin-4(l//)- 
ones (71T953)] must be involved since exchange will not take place under 
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more acidic conditions. Only those 1,2,4-triazines that can be covalently 
hydrated are able to exhibit H-3-D-3 exchange in neutral D,0 (73T2495). 

While it is clear that 1,3,5-triazine can be covalently hydrated, no evi¬ 
dence of deuterium exchange has been presented (75JOU2691), and this 
follows because each position is ortho and para to nitrogen, which pro¬ 
duces strong (-M, -I) electron withdrawal at these sites. 

3. Base-Catalyzed Hydrogen Exchange 

The base-catalyzed exchange mechanism involves proton abstraction 
by base to give a carbanion (hydrogen or deuterium bonded to the sol¬ 
vent), which removes deuterium from the solvent (Chapter 2, Section 
2. A). Positions adjacent to the annular nitrogen atoms are abnormally un¬ 
reactive, and this is believed to be due either to decreased s character of 
the CH bond next to the $p 2 -nitrogen atom, or to electrostatic repulsive 
interaction between the electron pairs on nitrogen and the developing 
carbanion causing reduced acidity of the C-3—H or C-6—H bonds 
(69JA5501) (see also Chapter 9, Section 3). Results to extended Hiickel 
molecular orbital calculations suggest that the second factor may be more 
important (69JA2590). 

All of the diazines are more reactive than pyridine (Table 10.1; cf. Ta¬ 
bles 9.2 and 9.3), with the annular nitrogens activating the ring in the 
order para — meta >> ortho. Log partial rate factors are ortho, 1.31; 
meta, 2.43; and para, 2.46. These were calculated assuming additive ef¬ 
fects of nitrogen on exchange rates. Zoltewicz (69JA5501) found no corre¬ 
lation between the rates of H-D exchange for all positions in the azines 
and l3 C- or 'H-NMR chemical shifts, but Adam et al. claimed good corre¬ 
lations of total (cr + ir)-electron densities with these measurements for a 
variety of heterocycles, including the azines (67T25I3). 

A. Pyridazines 

Base-catalyzed exchange in pyridazine, reacting in 1% NaOD-D,0 
(64CPB1384) or in NaOMe-MeOD (68MI1), occurs more readily at C-4 
and C-5 than at C-3 and C-6. This follows from a combination of accelera¬ 
tion of the reaction by electron withdrawal, and unfavorable juxtaposition 
of lone pairs for 3- and 6-substitution. In the corresponding N-oxide the 
order is 6 >> 5 > 3 — 4, with exchange at C-3 being slightly faster than 
at C-4 (64CPB1384). The order arises from the -/ effect of the positive 
pole, base-catalyzed exchange being particularly susceptible to inductive 
effects. These orders parallel the reactivities of methyl hydrogen atoms 
in methylpyridazines and their N-oxides (67CPB2000). Attack at the acti- 
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TABLE 10.1 

Rate Data for Base-Catalyzed Hydrogen-Deuterium Exchange 


Compound 

MeOD-MeONa at 164.6°C“ 

Positions L, (A/ 'sec ‘) 



Pyridazine 

3,6 

1.4 x 10 3 


438 


4,5 

2.1 x 10‘ 3 


656 

Pyrimidine 

2 

1.2 x 10 4 


38 


4,6 

3.9 x 10 4 


122 


5 

5.6 x 10 3 


1750 

Pyrazine 

2,3,5,6 

3.1 x I0' 4 


97 

Pyridine 

2,6 

3.2 x lO 6 


1 


3,5 

3.0 x 10 5 


9.4 


4 

3.8 x 10 ' 


11.9 



MeOD-MeOK (0.6 Mf 



Compound 

Positions 

- log k (140°C) E (kcal mol"') 

log A (sec 1 ) 

Pyridazine 

3,6 

4.1 




4,5 

2.9 



Pyrimidine 

2 

5.1 




4,6 

4.5 




5 

3.5-4.0 



Pyrazine 

2,3,5,6 

4.7-5.0 

21.9 

6.6 

3,6-(MeO),-pyridazine 

4,5 

2.6 

14.8 

4.5 

2,4-(MeO),-pyrimidine 

5 

3.9 

24.0 

8.8 

2,4,6-(MeO),-pyrimidine 

5 

3.1 

30.2 

12.9 



MeOD-MeOK (0.1 Mf 



Pyrimidine N-oxide 

2 

2.4 

20.5 

11.7 


4 

7.4 




6 

3.8 

21.6 

10.7 

Pyrazine N-oxide 

2,6 

3.2 




3,5 

7.4 

23.0 

9.5 


“Data from (69JA5501). 
'’Data from (74CHEI387). 


vated C-6 of pyridazine N-oxide is 100 times faster than in pyridine N- 
oxide [in which the sequence of base-catalyzed hydrogen exchange is 2 
>> 3 > 4 (69JA5501)], and occurs even at room temperature. If the posi¬ 
tively charged N-oxide nitrogen and the other ring nitrogen act indepen¬ 
dently, then one would expect exchange to occur most easily at C-6. That 
H-5 exchanges much faster than H-3 even though C-3 may be more elec¬ 
tron deficient is probably again a function of the proximity of the latter 
position to the pyridine-type nitrogen. The exchange results for the N- 
oxide contrast with its NMR spectrum, which shows that H-4 is more 
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shielded than H-5 in neutral organic solvents (63YZ523), and also with 
the order of nucleophilic reactivity (5 > 3 > 6 > 4) (67CPB2000), though 
here conjugative effects are more important. 

When Kawazoe et al. (67CPB2000) studied the base-catalyzed H-D ex¬ 
change at the exocyclic methyls of methylpyridazines and their N-oxides, 
they also found (1) some ring deuteriation occurring (e.g., some exchange 
at C-5) in 3-methylpyridazine; (2) in 3- and 4-methylpyridazine N-oxides 
exchange occurs at C-6, and to a lesser extent at C-5; (3) some exchange 
at C-6 in 5-methylpyridazine N-oxide; and (4) partial deuteration at C-5 
in 6-methylpyridazine N-oxide. Thus, the methyl groups have little effect 
on the previously observed regiochemistry of substitution. 

Exchange in the more activated 3-hydroxypyridazine [which exists 
mainly as the 3(2//)-one] occurs initially at C-3, and then to some extent 
at C-5. In the corresponding N-oxide the order is C-6 > C-4. These last 
results suggest some activation of the 4- and 6-positions by a “phenolic” 
hydroxyl group (67CPB1411). 

B. Pyrimidines 

Comparative results for some of the diazines discussed (vide supra ) 
have also been obtained by workers in the Soviet Union (67MI2; 68MI1), 
who have reported results relating to pyridine, quinoline, pyrimidine, pyr- 
azine, and some N-oxides. The relative rates are comparable, although 
the rate coefficients they have obtained are smaller than those of Zoltew- 
icz by factors of up to 5. Thus, for pyrimidine, relative rates have been 
quoted as k 2 :k 4 : (fc s = 1.0 : 3.2 : 48.0 (69JA550I) and k 2AA : k 5 = 1:15 
(67MI2). The relatively high reactivity of the 5-position presumably arises 
from unfavorable juxtaposition of lone pairs for 2-, 4-, and 6-exchange. 
Carbon-5 is the only position not subject to the adjacent lone-pair effect. 
In pyrimidine N-oxide [and pyrazine N-oxide (70JOC3467)] the position 
a to the oxide function exchanges most readily, and at least 100 times as 
rapidly as in pyridine N-oxide (72JOC4188). Results for some 5-substi- 
tuted pyrimidine oxides are listed in Table 10.2. In pyrimidine N-oxide 
C-6 is 26 times as reactive as C-2 (adjacent lone-pair effect), and both 
positions are less reactive than C-2 of pyrazine N-oxide (vide infra), con¬ 
firming that the nonoxygenated nitrogen atom is much more effective in 
facilitating hydrogen exchange when it is meta to the exchanging position 
than when it is para, due to the adjacent lone pair effect. A linear relation¬ 
ship exists between log £ H _ 6 and o, for the 5-substituted pyrimidine N- 
oxides, implying that the inductive effect of a substituent ortho to the 
exchanging proton is the controlling factor in the process (see Chapter 2, 
Section 2.A). No such correlation holds for H-2 exchange rates. In 
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TABLE 10.2 

Second-Order Rate Coefficients for Base- 
Catalyzed Deuterium-Hydrogen Exchange in 
5-Substituted Pyrimidine N-Oxides" 

5-Substituent Ah* (A/ ' min ') k H . 2 (M~' min~') 


H 0.047 0.0018 

Me 0.098 0.0017 

Br 540 * 

MeO 4.7 0.0031 

Me,N 0.17 ‘ 

"(72JOC4188). 

*No exchange was observed within 14 days in 0.1 M NaOD. 

strongly basic media (0.3 M NaOD), covalent hydration competes with 
the exchange process (72JOC4188). Other comparative results quoted for 
pyrimidine N-oxide exchange are 2 > 6 > 4 > 5, and appear to be some¬ 
what contradictory in that C-2 is here more reactive than C-6 (68MI1). 

Exchange is more facile in some pyrimidine derivatives. In 1-methyl- 
pyrimidin-4(l/7)-one (10.6), exchange at C-2 proceeded at a rate indepen¬ 
dent of the concentration of base (66JHC440; 69JOC589). A mechanism 
with this characteristic would be rate-limiting attack by OD“ on a cationic 
species (10.7) to form an ylide intermediate (Scheme 10.3). The rate equa¬ 
tion, obtained by applying the steady-state approximation to the concen¬ 
tration of (10.7), is 

dPldT = A:,A: 2 [D 2 O][10.6]/(A:_. + k 2 ) 

and if » k 2 , 

dPldT = * 2 [D 2 O][10.6]/Jt_, = * D2 o* 2 [10.6]/A: a 
An approximate value for k 2 [(9 ± 4) x 10 6 M ' sec -1 at 70°C] was 
obtained by means of the model compound 10.8. Using this rate coeffi- 


0 0 0 0 



Scheme 10.3 
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0 



Me 


cient in the above equation gave a value of (4.6 ± 0.2) x 10 5 sec - ', 
which is satisfactorily close to the observed first-order rate coefficient 
[(9.0 ± 0.5) x 10 -5 sec -1 ] for the reaction of 10.6. In contrast to the 
quaternary salt (10.8), 4-methoxy-l-methylpyrimidinium would not react 
under the same conditions [66JHC440; 71T953; 74AHC(16)1], 

The change to this mechanism for exchange at C-2 in 10.6 from the 
direct proton-removal mechanism which takes place in l-methyl-4-pyri- 
done can be accounted for in terms of the relative acidity of the free base 
(e.g., 10.6) and the corresponding onium salt (e.g., 10.7) in each case. In 
a series of l-alkyl-4-pyrimidinones the exchange rates for different alkyl 
substituents decreased in the order 1-methyl > 1-benzyl > 4-pyrimidi- 
none (66JHC440). Ylide intermediates may also be involved in the biosyn¬ 
thesis of uridylic acid (71T953). 

In uridine and cytidine (Scheme 10.4), deuterium exchange occurs at 
C-5 after initial attack at C-6 by a nucleophile (D 2 0 or OD - ). When that 
nucleophile is able to abstract the C-6 proton to form a delocalized anion. 



OH OH OH OH H 


cytid: 


uracil 
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some exchange at that position can also be observed (70CCC1991, 
70CCC2003; 73JA1628). Thus, treatment of uridine with a threefold ex¬ 
cess of NaOD in D 2 0 at 95°C for 2.5 hr resulted in 4% C-6 deuteriation, 
24% C-5 deuteriation, and 20% decomposition (70CCC2003). The use of 
deuteriated base in DMSO-rf 6 increased the extent of exchange at C-6 and 
decreased the proportion of hydrolysis (73JA1628). 

Base-catalyzed protiodedeuteriation of 5-deuterio-l,3-dimethyluracil 
(Scheme 10.4) probably involves the addition of water across the 5,6- 
bond, initiated by hydroxyl attack at C-6. While a similar mechanism may 
apply with 5-deuterio-l-methyluracil, direct exchange with the anion is 
also a possibility; the anion is almost certainly implicated in the case of 
the 5-deuterio-3-methyl isomer (70JHC903). 

C. Pyrazines 

Pyrazine exchanges more readily than pyridine (Table 10.1) (68MI1; 
69JA5501) with the exchange in 0.6 M MeOK-MeOD being first order in 
methoxide (68MI1); the exchange of an a-hydrogen is about 100 times 
faster in pyrazine than in pyridine. 

A similar difference in reactivity is evident in the N-oxides: pyrazine 
N-oxide is even more reactive than pyrimidine or pyridine N-oxide. Sub¬ 
stituents in the 3-position appear to act mainly through their inductive 
effects (Table 10.3). Log k 2 varies linearly with pA a , and the carbanion 
mechanism probably operates (there is, however, doubt about the mode 
of substitution at C-6 in pyrazine N-oxides) (70JOC3467). All four hydro¬ 
gens of pyrazine N,N'-dioxide are exchanged in MeOD at 65°C (68MI2). 


TABLE 10.3 

Second-Order Rate Coefficients for Base- 
Catalyzed Deuterium-Hydrogen Exchange in 
3-Substituted Pyrazine N-Oxides" 


3-Substituent k HJ , (M 'min" 1 ) k„_ 2 (M 'min ') 


H 0.16 0.16 

CN - 280 

Cl 0.99 75 

OMe 0.021 4.3 

NMe, 4.5 x 10 '' 0.033 


"(70JOC3467). 

^Hydrolysis occurs before H-6 exchange. 
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TABLE 10.4 

Second-Order Rate Coefficients for Base-Catalyzed 
Deuterium-Hydrogen Exchange atC-3 in 5-Substitutf.d 
1,2,4-Triazines" 


5-Substituent 10’ k 2 Reagents 


1.00 NaOD-D,0 (0.016-0.157 M) 

0.20 NaOD-D,0 (0.016-0.157 M) 

0.02 NaOD-D.O-DMSO (0.16-0.67 M) 

0.30 NaOD-D-O-DMSO (0.16-0.67 M) 


"(73T2495). 


D. 1,2,4-Triazines 

In NaOD-D 2 0 (or with added DMSO) 1,2,4-triazine and its 5- or 6- 
methyl and 5-phenyl derivatives exchange H-3 for deuterium with an op¬ 
posite reactivity order to that observed under acid catalysis (vide supra) 
(73T2495). The observation that the 5-phenyl derivative reacts 15 times 
faster than the unsubstituted parent (Table 10.4; comparison was made 
in D,0-DMSO because of solubility problems) clearly indicates that the 
carbanion mechanism operates in basic media rather than a process in¬ 
volving covalent hydration. 


4. Nitration 

Attempts to nitrate the parent diazines and triazines have been uni¬ 
formly fruitless, since not only are the bases inactive, but their cations are 
even less reactive (50JCS3236; 51JCS2323; 57CBI837). Aryl-substituted 
azines nitrate preferentially in the aryl ring, with the protonated azine 
acting mainly as a meta director [47CRV279; 51JCS2323; 65BCJ777; 
71JCS(C)1945; 73MI2; 75M11; 78JCR(S)133; 79H745; 81JCR(S)104; 
82CJC2668], 

The nature of the nitrating agent can affect overall product distribution. 
With mixed acids 4-phenylpyrimidine gives a 2:3 mixture of o- and m- 
nitrophenyl products; nitric acid in trifluoroacetic anhydride gives an 
ortho : meta : para-product ratio of 45 : 29: 26 ; nitronium acetate specifi¬ 
cally attacks the pyrimidine ring giving 2,4-diacetoxy-l,3,5-trinitro-6-phe- 
nyl-l,2,3,4-tetrahydropyrimidine (67CJC1431). Although there is no 
convincing explanation for these results, addition-elimination may be in¬ 
volved with trifluoroacetic anhydride, with N-nitration and perhaps addi- 
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tion to the free base implicated in acetic anhydride. When the aryl substit¬ 
uent attached to the azine is thienyl or furyl, nitration can occur in both a- 
and |3-positions of the five-membered ring, with |3-attack predominating 
[78JCR(S)133; 81JCR(S)104; 82CJC2668). 

As noted in Chapter 9 attempts to apply the general equation devised 
to relate partial rate factors in hydrogen-exchange reactions to correla¬ 
tions of nitration rates in five- and six-membered heterocycles (including 
azines) have proved unsuccessful [74JCS(P2)1294; 75JCS(P2)1600, 
75JCS(P2)1624, 75TLI395]. 

A. Pyridazines 

When electron-releasing substituents are present the chances of annu¬ 
lar nitration are greatly improved, although apparent amino group activa¬ 
tion can be a result of nitramine rearrangement. There are a number of 
instances in which such nitramine intermediates have either been identi¬ 
fied or suspected (50JCS3236; 60CPB999, 60JGU1531; 65JHC67). The 
formation of a mixture of 6-nitro, 4-nitro, and 4,6-dinitro products on ni¬ 
tration of 3-methoxy-5-methylpyridazine has been reported. The second 
nitro group is probably introduced by reaction of the mononitro free base. 
Even the presence of two chloro groups in 4,5-dichloro-2-methylpyridaz- 
in-3(2//)-one does not prevent nitration at C-6 (84MII). 

Rather more information is available for nitration of pyridazine N- ox¬ 
ides. As in other series the product orientation depends on reagent. Thus, 
while mixed acids convert pyridazine A(-oxide (62CPB643), its 3-methyl 
(63YZ934) and 3,6-dimethyl (6ICPB149; 62YZ253) derivatives into 4-ni- 
tro products (22, 27, and 54% yields, respectively), acetyl nitrate trans¬ 
forms the same compounds, respectively, into a mixture of 3- (33%) and 
5- (<1%) nitropyridazine N-oxides (63CPB342), 3-methyl-5-nitropyridaz- 
ine A-oxide (12%) (64CPB228), and 3,6-dimethyl-5-nitropyridazine N- ox¬ 
ide (25%) (64CPB228; 75CPB923). With methoxypyridazine /V-oxides, 
too, there are marked differences. In nitric-sulfuric acid mixtures, the 3- 
methoxy compound reacted at C-4 and C-6 (60CPB550, 60YZ712), 
whereas 3,6-dimethoxypyridazine N-oxide gave the 4-nitro product (84%) 
(55YZ966). In contrast, acyl nitrates induced 5-nitration (11%) in the 3- 
methoxy oxide; the dimethoxy oxide resisted nitration (64CPB228). The 
different products may be a consequence of protonated and free base 
forms of the pyridazines reacting in the different media (vide infra), but 
initial N-nitration cannot be ruled out with acyl nitrates. Nitration in the 
5-position can also occur with 4-hydroxypyridazine N-oxides on treat¬ 
ment with mixed acids (75CPB1879). 
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Most of the comparative work relates to the use of mixed nitric-sulfuric 
acids. In this medium, nitration takes place mainly at the 4- and 6-posi- 
tions. Whereas 3-, 5-, and 6-methyl groups attack at C-4 [yields of 27% 
(63CPB726, 63YZ934), 18% (63CPB35), and 87% (63CPB29), respec¬ 
tively], a 4-methyl group inhibits the overall rate of nitration by blocking 
the most reactive 4-position (63CPB35). The added electron release pro¬ 
vided in 3,4-dimethylpyridazine M-oxide allows minor (9%) 6-nitration 
(63CPB726, 63YZ934). If pyridazine M-oxides follow the nitration behav¬ 
ior of pyridine A-oxides (which operate through the free base), the prefer¬ 
ence for 4-nitration might not be unexpected. Nitration at C-6 only seems 
to occur to any extent when the 4-position is blocked and when added 
activation is provided by a methoxy substituent. Thus, 3-methoxypyri- 
dazine A-oxide heated to 50°C with mixed acids for 1 hr gave a mixture 
of 4-nitro (34%) and 4,6-dinitro (6%) products. Another worker (60YZ712) 
reported isolation of a small amount (5%) of the 6-mononitro derivative 
under similar conditions. The dinitro compound was also formed by nitra¬ 
tion of 3-methoxy-4-nitropyridazine A-oxide (60CPB550; 62YZ1005). 

Alkoxy and hydroxy groups at C-3 and C-6 usually promote 4-nitration 
under mild conditions (63CPB29, 63CPB726) even in the presence of 
chloro groups (62CPB934, 62YZ253; 63CPB29; 73JHC551). Nitration in 
the 5-position occurs with 4-hydroxypyridazine A-oxide (75CPB1879). It 
is difficult to arrive at any conclusive assessment of the effectiveness of 
substituents from the qualitative results available. Indeed, the variable 
yields reported in the literature may be a consequence of the use of severe 
conditions. 


B. Pyrimidines 

As with the 1,2-diazines, electron-releasing groups facilitate nitration. 
Two such activating groups at C-2 and at C-4 or C-6 usually guarantee 
successful nitration at C-5, and there are examples where only one such 
substituent is necessary [e.g., pyrimidin-2(l//)-one] [63M11; 69JHC593; 
71 JCS(B) 1 ], but not the corresponding 4-isomer [71 JCS(B)1]. Under con¬ 
ditions of both high and low acidity, pyrimidin-2(l//)-one and uracils ni¬ 
trate as the free base species; the cations are quite unreactive. 

Two activating substituents are even better at promoting 5-nitration as 
in the uracils [52MI3; 55JCS211; 58CPB482; 60LA(633)158; 64JCS4769; 
65JMC187; 71JCS(B)1, 71JCS(C)1945; 77JOC3821] and the correspond¬ 
ing O-alkyl derivatives (53JA5758; 61 Mil), but hydrolysis is a complicat¬ 
ing factor with the latter compounds. Katritzky et al. [71 JCS(B) 1 ] found 
that the kinetics of nitration of 2,4-dimethoxypyrimidine could be fol- 
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lowed only over the first 20% of reaction in 98% sulfuric acid, and not at 
all at lower acidity for this reason. Uridine and 2-deoxyuridines usually 
suffer extensive glycoside ring-rupture during nitration (77JOC3821), 
while hydrolysis of a halogen substituent may also accompany nitration 
[71JCS(B)1], 

The similarities in rate of nitration for the uracils suggest that they are 
all nitrated in the dioxo forms [log & 2 (fb) at 40-50°C at H 0 - 10.26: uracil, 
1,3; 1,3-dimethyluracil, 1.7; 6-methyluracil, 1.9]. 2,4-Dimethoxypyrimid- 
ine is slower by a factor of ~10 4 . Whereas pyrimidin-2(l//)-one and its 
1-methyl derivative also react as the free bases, the rates are much lower 
than those of the corresponding uracils [log & 2 (fb) at 115°C at H a -9.27 
for pyrimidin-2(lf/)-one is 8.1; for the 1-methyl derivative the value is 
8.8], and 100 times slower than 3-methyl-2-pyridone. These results reflect 
the deactivating effect of a second annular nitrogen and the presence of 
only one oxo function [71JCS(B)I]. 

4,6-Dihydroxypyrimidines require even less vigorous nitrating con¬ 
ditions than uracils, possibly because one oxygen function must retain 
its phenolic character and be more electron-releasing than the lactam 
structure generally preferred by hydroxyl substituents in the 2-, 4-, and 
6-positions of pyrimidine (38CB87; 5IJCS96; 56JCS2312, 56JOC177; 
61JOC4504; 62MI1, 62RTC443; 64AJC1309; 76JHC1141). 

Interpretation of nitration results for aminopyrimidines is again compli¬ 
cated by the formation of nitramines, which can rearrange to give prod¬ 
ucts of nuclear nitration. Only nitramines appear to form with monoami- 
nopyrimidines (01CB1234); both 5-nitro and 5-nitramino products have 
been obtained from some diaminopyrimidines with mixed acids [01 
CB3362; 50CI(L)353; 63CB2977]. The nitramines formed at lower tem¬ 
peratures rearrange to the 5-nitro products when heated in concentrated 
sulfuric acid. A variety of aminohydroxypyrimidines have also been suc¬ 
cessfully nitrated at C-5 (55MI1; 61JCS1298, 6IJOC526; 64JCS3204). 

The introduction of a third activating substituent facilitates nitration 
even more. Temperatures below 50°C with mixed acids are frequently 
successful with various combinations of alkyl, amino, and hydroxy sub¬ 
stituents (OICB3362; 57JCS2146; 61JOC455; 65JOC3153), and barbituric 
acids react very readily indeed, even to the extent of ipso-substitution at 
C-5 [01LA(315)259; 05LA(339)37], 

As long as two other activating groups are present, a halogen function 
seldom prevents nitration, even though it may retard the reaction 
(63JCS4186; 64JCS460, 64JCS4769; 66CB2997, 66JMC573). Thiol and al- 
kylthio groups are usually too readily oxidized for their general use as 
activating substituents in pyrimidine nitration (49JCS2490; 78CB1006). 
Indeed, nitric acid converts 2-ethylthio-4-chloropyrimidine into 2,4-dihy- 
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droxy-5-nitropyrimidine, presumably by prior replacement or modifica¬ 
tion of the original substituents [05JBC435; 51 LA(572)217]. 

Attempts to nitrate pyrimidine A-oxide were unsuccessful (59JCS525), 
but 2,6-diamino-4-ethylaminopyrimidine A-oxide formed the 5-nitro de¬ 
rivative (79AJC2049). 


C. PYRAZ1NES 

Pyrazine itself has yet to be nitrated; at least two electron-donating 
groups are necessary for successful reaction (53JA5517; 56JA4071). An 
hydroxyl function directs the nitro group into the para position 
(56JA4071), or ortho if the para position is blocked (53JA5517; 75M11). 
2,5-Dimethylpyrazine A,A'-dioxide was unaffected by treatment at 50°C 
with sodium nitrate in sulfuric acid (58JOC1603). 

D. Triazines 

Attempts to nitrate the parent rings have, not surprisingly, been singu¬ 
larly unsuccessful; the strongly acidic reagents may preferentially destroy 
the ring [63AG(E)309]. The reported nitration of 3-amino-6-methyl-1,2,4- 
triazine in the 5-position [64CA(60)8031] has been criticised by Neunhoef- 
fer (84M12) on the grounds that the starting material was the 5-methyl 
isomer, and nitration must have occurred at C-6. That this reaction occurs 
at all is remarkable in view of the resistance of the much more highly 
activated l,2,4-triazin-3,5(2//,4//)-dione (83CCC2676). 

E. Borazapyridines 

Nitration of 2,3-dimethyl-4-ethyl-3,2-borazapyridine (10.9) and the 5- 
ethyl isomer (10.10) with A-nitropicolinium tetrafluoroborate goes exclu¬ 
sively meta to the N-Me group in the yields shown (75ACS457). This ori¬ 
entation may be attributed to conjugative electron release from the A-Me 
group, readily seen from the canonical form 10.11. 



(10.9) 


(10.10) 


::o.ii) 
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5. Halogenation 

This reaction frequently takes place with ease even in the absence of 
electron-releasing groups. It may involve prior complex formation, and 
several azine-halogen adducts have been isolated. The situation clearly 
resembles that observed in the pyridine series, in which the decomposi¬ 
tion of similar complexes leads to halogenation at relatively low 
temperature. 


A. Pyridazines 

Pyridazine forms complexes readily with bromine and iodine. The lat¬ 
ter is stable above 200°C (70CC188), and activating groups permit some 
annular halogenation. Thus, 3-hydroxypyridazine N-oxide (78CPB3884) 
and 5-hydroxy-3,6-dimethylpyridazine N-oxide (75CPB923) are bromi- 
nated at C-4, whereas 4-amino-6-chloro-3-ethoxypyridazine reacts at the 
5-position (70CPB1680). 3,6,-Dimethylpyridazine N.TV'-dioxide is, how¬ 
ever, resistant (73YZ59). 3-Substituted pyridazine N-oxides tend to un¬ 
dergo electrophilic substitution preferentially para to the oxide function, 
and then next to it (67CPBI411), which accords with the conjugative elec¬ 
tron release (+ M) from the oxygen. When 3-aminopyridazine N-oxide is 
brominated, the oxygen is apparently protonated, this being followed by 
concurrent nucleophilic bromination and elimination of water to give 3- 
amino-6-bromopyridazine (83JOC1064). 

Polychlorinated pyridazines may be obtained under vigorous condi¬ 
tions from di- and trichlorinated pyridazines [66CI(L)904; 69USP3466283; 
76URP388556]. 


B. Pyrimidines 

Pyrimidine forms 4-bromopyrimidine when the hydrochloride is heated 
with bromine at 160°C (or at 130°C in nitrobenzene) (73JHC153), the pro¬ 
cess being preceded by a vigorous reaction at lower temperature 
(57CB1837; 58AG571). It is likely that N-bromo compounds and perbro- 
mides are implicated in these reactions, which occur p to the ring nitro¬ 
gens, and they are not conventional electrophilic aromatic substitutions. 

If alkyl substituents are present, C-5 halogenation can only compete 
with side-chain halogenation when there are electron-releasing substitu¬ 
ents adjacent to one or both nitrogen atoms. Thus, 4-methylpyrimidine is 
halogenated on methyl in basic media, but the presence of an amino group 
at C-2 leads to considerable 5-bromination (60CB2405). A methyl group 
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at C-2 appears to be both more activating and more activated than one at 
the 4-position. 2-Methylpyrimidine gave 5-bromo-2-tribromomethylpyri- 
midine [54CI(L)1203; 60AC(R)351], and a 4-phenyl group still allowed 5- 
bromination [73JHC153, 73JHC409; 78CHE1132], 

The potentially tautomerizable amino and hydroxy substituents a or 7 
to a ring nitrogen facilitate nuclear halogenation most markedly, with the 
highly activated substrates being readily chlorinated and brominated at 
C-5 even in aqueous solution [46JA453; 60JOC1916; 63JCS1276; 
64TL2093 ; 65RTC1101; 67JCS(C) 1922; 71BAU2108; 83JOC1064]. Direct 
iodination of 2- and 4-amino, but not 2-hydroxypyrimidines, gives >50% 
yield of the 5-iodo products (84S252), and 4-hydroxypyrimidine Ipyrimi- 
din-4(3//)-one] iodinates in alkaline solution (62CCC2550). Fluorine in 
acetic or anhydrous hydrofluoric acids gives 5-fluorinated derivatives of 
pyrimidin-2(l//)-ones (77CCC2694). 

Groups already present at C-5 can block halogenation [e.g., 4,5-dihy¬ 
droxy- (64JCS1001) or 5-phenylpyrimidine (77JCS(P1)1862)], but in 5-hy- 
droxypyrimidine the OH group is phenolic enough to activate adjacent 
carbons. Thus, 5-hydroxy-4-phenylpyrimidine readily forms the 6 -iodo 
derivative (83CHE1008, 83CHE1012). 

The mechanism of bromination of pyrimidin-2(l//)-one ( 10 . 12 ; R = H) 
172CC1032; 74CJC45I; 77JCS(P1) 1862, 77JOC3670; 78CJC2970; 80JOC- 
2072; 81JOC4172), pyrimidin-4(3//)-one ( 10 . 19 ) (79JOC3256; 81JOC- 
4172), and their N-methyl derivatives has been examined in detail. 
For 10.12 (R = H), the data support a rate-determining attack at high 
acidity (pH < 2) by Br 2 upon a covalent hydrate ( 10 . 14 ), which, as an 
enamine, is rapidly brominated at C-5 to give 10 . 15 . Compound 10.15 is 
capable of further hydration to yield 10 . 16 . Slow, acid-catalyzed conver¬ 
sion of 10.15 or 10.16 into the 5-bromopyrimidinone ( 10 . 17 ) follows 
(Scheme 10.5). The reaction is anything but simple, and in the presence 
of excess bromine, the dibromo product ( 10 . 18 ) is formed (74CJC451; 
78CJC2970). )V-Methyl groups assist the reaction (74CJC451). At lower 
acidity (pH > 4) the formation of the pseudo-base appears to be rate limit¬ 
ing. This change occurs because at high acidity the reversal of 10.14 to the 
cation 10.13 is fast relative to bromine attack; at low acidity the reverse is 
true. Results obtained between pH 2 and 4 are consistent with a slow 
changeover in mechanism (80JOC2072). Furthermore, a separate kinetic 
study of pseudo-base formation and decomposition yielded rate coeffi¬ 
cients in good agreement with those derived from the bromination study 
(78CJC2970; 80JOC2072). 

A parallel study of the bromination of pyrimidin-4(3//)-one ( 10 . 19 ) and 
its N-methyl derivatives (79JOC3256; 81JOC4172) again points to an addi¬ 
tion-elimination process involving observable cationic intermediates 
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Scheme 10.5. This step is irreversible when R = Me. 


(Scheme 10.6). The kinetics of dehydration of these showed unusual acid¬ 
ity dependence (for the parent compound k obs = 18.7 x 10 3 sec' at H 0 
= 0.1 and 8.03 x 10 3 sec -1 at H 0 = -0.89) in that the rates decreased 
with increasing acidity (slope of log k obs against H 0 was in the region 0.36- 
0.43). Usually such dehydrations are acid catalyzed and their rates in¬ 
crease with increasing acidity. Thus, for the pyrimidin-2(l//)-ones 
(74CJC451) and uracils (77JOC3670) the comparable slopes are about - 1. 
Apparently the intermediates in the pyrimidin-4(3//)-ones are dehydrated 
as cations while the uracil and pyrimidin-2(l//)-one pseudo-bases dehy¬ 
drate as neutral molecules (79JOC3256). 
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(10.19) (10.20) (10.21) (10.22) 

Scheme 10.6 


Although in aqueous solution pyrimidin-4(3//)-one (10.19) exists only 
to a very limited extent (—0.0003%) as its covalent hydrate (10.21), at pH 
< 5, attack by bromine is on this very reactive species (10.21) ( k 2 — 10“' 
A/" 1 sec" 1 ). At pH > 2.5, formation of 10.21 from 10.20 is rate limiting; 
below pH 2.5, bromine attack on 10.21 is rate limiting. 

The results obtained in these studies demonstrate dramatically the ef¬ 
fects of covalent hydrates on reactivity. For direct bromination of 10.19, 
a rate coefficient of k 2 « 5 A/"' sec" 1 is indicated, but by virtue of it 
reacting as its covalent hydrate, it has an apparent value of 2.9 x 10\ an 
enhancement of >>580 times. The enhancement is even greater (>> 10 4 ) 
for the 2-isomer (10.12, R = H), which exhibits a greater degree of cova¬ 
lent hydration (-0.05%). 

When there is more than one activating substituent as in the uracils 
and cytosines, 5-halogenation becomes more facile [46JA453, 46JA1039; 
60JOC1583, 60ZOB899; 63JCS1276; 64CCC12I; 67JCS(C)1922; 71 
BAU2108, 71JA3309; 72JOC329; 74JCS(P1)2095; 79JOC4385; 8IRTC267, 
81S701; 84S252, 84TL3325], to the extent that a group other than hydro¬ 
gen (e.g., chloromethyl) may be displaced [25LA(441)192]. The mechanis¬ 
tic complications of two or more tautomerizable substituents follow. 

Products of both addition and substitution are formed, particularly in 
aqueous solution, and 5,5-dihalogenated products are common. Overall, 
uracil (10.23, R' = R 2 = H) bromination parallels that of 10.12 (R = H) 
(74CC535; 79CJC626; 80JOC830; 81RTC267), in that addition products, 
including covalent hydrates, can form rapidly, followed by slower acid- 
catalyzed dehydration to 5-bromouracils (Scheme 10.7). Variations in 
second-order rate coefficients with acidity are apparent from Table 10.5. 
The rates remain fairly constant at low pH and then rise rapidly; 1,3- 
dimethyluracil (10.23, R 1 = R 2 = Me) rates scarcely vary with pH. These 
results can be interpreted as demonstrating that substrates with at least 
one NH group react predominantly as anions (10.24) at higher pH values. 
All substrates follow the sequence 10.23 -* 10.25 -* 10.26 -> 10.27 at high 
acidity, but those which can form anions (e.g., 10.24) increasingly follow 
the alternative path as the pH increases (Scheme 10.7) (80JOC830). 
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TABLE 10.5 

Second-Order Rate Coefficients for 
Bromination of Uracils" 


Uracil 


1,3-Dimethyluracil 


k 2 "*" (M 1 sec ') 

pH 

k,°^ (AT 1 sec ') 

pH 

64.8 

0.11 



86.6 

1.26 

19.9 

1.03 

142 

2.13 

20.1 

2.25 

1,580 

3.05 



2,780 

3.30 

19.0 

4.15 

115,000 

4.95 




"(80JOC830). 


Derivatives of barbituric acid (10.28) are so reactive in the presence of 
halogens that it is often difficult to obtain the 5-monohalogenated deriva¬ 
tives [21CB1035; 22CB3400; 74JCS(P1)2095; 79JOU357], 5,5-dihalo com¬ 
pounds being obtained. Fluorination of 5-substituted barbiturates with 
perchloryl fluoride was shown to be first order in each component. Elec- 
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tron-donating substituents increased the rate, and rate coefficients corre¬ 
lated well with ct p in line with other aromatic halogenations (79JOU357). 

Although substituted pyrimidine N-oxides can brominate at C-5 
(78CHE1132), the isolated oxide function is seldom sufficiently activating 
to overcome the inherent unreactivity of pyrimidine (83JOC1064). The 
failure of 2-, 4-, and 5-methoxypyrimidine N-oxides to undergo bromina- 
tion (except under forcing conditions) demonstrates the insufficient acti¬ 
vation of methoxy and oxide groups. Amino functions at the 2- and 4- 
positions assist 5-bromination (83JOCI064). 

C. Pyrazines 

Those examples of halogenation of pyrazine and its simple alkyl deriva¬ 
tives which are heterolytic rather than homolytic probably involve an ad¬ 
dition-elimination process [64JOC415; 66CI(L)1721; 72AHC(I4)99], and 
many of the facile electrophilic substitutions may arise after initial forma¬ 
tion of perhalides in solution (6IJOC2360). It is possible to achieve selec¬ 
tivity by careful choice of reagents and solvents. With SOCU-DMF at 
20°C, 2-alkylpyrazines are chlorinated exclusively at C-3; with POC1,- 
PC1,, the 6-chloro products predominate [72JCS(P1)2004], 

As with the other diazines, pyrazines that are activated by strong elec¬ 
tron donors substitute readily, the incoming halogen being directed into 
positions ortho and para to the activating group. Thus 2-aminopyrazine 
gives a 91% yield of the 3,5-dibromo product (83JOC1064); under milder 
conditions the major product is that monobrominated at C-5 with traces 
of the 3-isomer (82JHC673). Similar behavior has been noted with 2-di- 
methylamino- (83JOC1064), 2-amino-6-phenyl- (80JHC143), 2-amino-5- 
phenyl- (88% yield of 3-bromo product) (78JHC665), and 2-amino-3-car- 
boxamidopyrazine (96% yield of 5-bromo product) [71JCS(C)3727], A 
2-hydroxy group also assists 3- and 5-bromination (50JA4071; 78JHC665) 
even if chloro and phenyl groups are also present in the ring. Thus, 6- 
chloro-2-hydroxy-5-phenylpyrazine gave an 87% yield of the 3-bromo de- 
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rivative, but 2-hydroxy-3,5-diphenylpyrazine would not react because 
both the 3- and 5-positions were blocked (56JA4071). Neither 2-methoxy- 
pyrazine nor its N-oxide can be brominated, but when two such groups 
act in concert as in 3-methoxypyrazine N-oxide or 3-aminopyrazine N- 
oxide, halogenation takes place at C-6. Similar arguments explain the 
more ready halogenation of 2-aminopyrazine than its N-oxide, in which 
the directing effects of the substituents are in opposition (83JOC1064; 
84H1195). In contrast to its effect in the pyridines, an N-oxide function 
is insufficient by itself to promote annular bromination, even with 2,3- 
dimethylpyrazine N,N '-dioxide (72CHEU53). 

D. Triazines 

Direct halogenation of 1,2,4-triazine (and the tetrazines) has not been 
described, while reported chlorinations and brominations of 1,3,5-triazine 
were probably not electrophilic (54JA632). Even when strongly +/ or 
+ M groups are present, triazines frequently resist nuclear halogenation. 

3-Amino-6-methyl-l,2,4-triazine can be converted into its 5-bromo de¬ 
rivative [64CA(60)8031], while 3,5-dihydroxy-1,2,4-triazine (“6-azaura- 
cil”) is attacked at C-6 in a manner reminiscent of the 5-bromination of 
uracil (vide supra ) (61JOC1118). Formation of such 6-halogenated prod¬ 
ucts seems to require either a 3-amino or a 5-oxo substituent. Thus, 3- 
amino-l,2,4-triazine 1- and 2-oxides (but not the 3-chloro, 3-methoxy, or 
3-methylthio compounds) are readily brominated and chlorinated at the 
6-position (77JOC3498; 78JOC2514), with some concurrent deoxygen¬ 
ation that appears to be a consequence of reaction with HBr (78JOC2514). 

In aqueous sulfuric acid 3,5-dihydroxy-1,2,4-triazine is brominated 10'° 
times more slowly than uracil, but with some mechanistic similarities. 
Provided that there is at least one NH group present, bromine can react 
with the deprotonated anionic species analogous to 10.24 (76JOC4004). 


6. Other Electrophilic Substitutions 

A. Diazo Coupling 

Like pyridine, the azines are not normally attacked by diazonium cat¬ 
ions, but since coupling reactions seldom involve extensive protonation 
of the substrate, the reactions become viable provided that sufficient 
numbers of activating groups are present, and if reactive diazonium salts 
are used. Pyridazin-3,4(l//,2//)-diones are among the few pyridazines 
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that couple; compounds in which an amino group replaces the 3-oxo func¬ 
tion fail to react (70JPR591). 

In contrast, various combinations of substituents allow pyrimidines to 
couple at C-5, and sometimes at C-6. A survey (83AJC1659) of the re¬ 
ported structural requirements for successful reaction [44JCS315; 48 
BSF688; 56CI(L)1453; 64JCS1001; 66JPS568; 73CPB1327, 73JCS- 
(P1) 1089; 77JCS(P 1)1985; 79BAU633; 8IJHCI639; 82CHE297; 83AJC- 
1659] concluded that diazo coupling at the 5-position needs two strong¬ 
ly electron-releasing groups at C-2 and C-4 (or C-6), with an amino or 
hydroxy group at the 4-position mandatory. Even then reaction is not 
guaranteed. Electrophilic substitution may be accompanied by exocyclic 
coupling at 2-, 4-, or 6-amino, -thiol, or -methyl groups (80H1753). Hurst 
(83AJC1659) commented that a report of C-2 coupling in 5-hydroxy-4,6- 
dimethylpyrimidine (79BAU633) is incorrect; attack must have been at a 
methyl group, and there are other examples from the earlier literature that 
require revision. If the 5-position already contains an amino, hydroxy, or 
acetate group (but not methoxy, methythio, or acetamido), coupling at 
the 6-position can take place, or at C-2 if C-6 is blocked (81JHC1639; 
82CHE297). It has been suggested that these reaction are of the addition- 
elimination type and not so widely applicable as originally supposed 
(83AJC1659). 

The few examples of diazo coupling reported for pyrazines may not all 
be annular coupling (28G679; 30G298; 52JCS4870). 

B. Nitrosation 

Nitrosation, which frequently involves sites comparable in reactivity 
to those that undergo diazo coupling, is known only in the pyrimidines. 
Structural requirements are stringent, with three activating substituents 
at the 2-, 4-, and 6-positions usually necessary [44JCS315; 54YZ674; 
58LA(612)158; 60MI1; 64JCS1001; 66LA(69I)142; 71TL851; 78H247; 
82CPB3392], Both 4,6-diamino- and 4,6-dihydroxypyrimidines, however, 
gave the blue 5-nitroso compounds, although the 2,4-isomers were unre¬ 
active (44JCS315). Exocyclic nitrosation may occur concurrently or 
exclusively. 


C. SULFONATION 


Whereas 2-ami nopyrimidine (59JA5166) and some other activated de¬ 
rivatives (54JCS4206, 54JGU2212; 56JA40I; 61JOC3863; 63JOC1994) 
each give the 5-sulfonic acids, 2-aminopyrazine will not react (45JA802). 
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Nothing is known of the reactivities of the pyridazines, and triazines are 
cleaved before substitution by the usual sulfonating agents [63AG(E)309], 

D. Acylation 

No kinetic studies of acylation have been made. The minimum require¬ 
ments for pyrimidines to take part in Reimer-Tiemann reaction at C-5 
have been evaluated as one hydroxy and two methyl groups (60JOC1906). 
Reported failures of the reaction when sufficient activation appeared to 
be present (57JCS4845) may have been a result of ring cleavage. Pyrimi¬ 
dines with three powerfully activating substituents can also be converted 
into aldehydes by the Vilsmeier procedure (65M1567; 71CPB215, 
71CPB1526, 71JHC445; 73CPB260); hydroxy groups are displaced by 
chloro after formylation (65M1567). There are also some examples of 5- 
acylation of 6-aminouracils heated in acetic anhydride [23CB2482; 
58LA(612)173; 72JOC578]. 

E. Alkylation 

A few examples of Mannich reactions exist in the series. Pyridazine N- 
oxides, substituted at the 3- or 5-position by hydroxy, are alkylated at 
either of the vacant ring positions, although activated methyl groups may 
react preferentially (68CPB939; 73CPBI510; 75CPB923). 

Uracils aminoalkylate at C-5 (56YZ230,234; 60JA991), whereas the or¬ 
tho- and para-directing effect of the phenolic hydroxy group in 5-hydroxy- 
pyrimidine and its 4-phenyl derivative assisted formation of the 6-amino- 
methyl products (82CHE297; 83CHE1008). When the 6-position is 
blocked, 2-aminoalkylation can occur (79BAU633). Triarylmethyl cations 
5-alkylate 2- and 4-hydroxypyrimidines, uracil (10.4), and barbituric acid 
(10.28) (especially in the presence of Lewis acids) (74JOC587, 74JOC591). 
Barbituric acids have been alkylated at C-5 with vinylpyridine 
(62JOC174) and 6-hydroxy-2,4-diaminopyrimidine has been methylated at 
the 5-position by Mel/NaOMe (62JCS3172). 

F. Metallation 

In pyrimidine, the most likely metallation site for lithiation is C-5 (cf. 
base-catalyzed hydrogen exchange. Section 2), but even two methoxy 
groups in the 4- and 6-positions failed to allow lithium-hydrogen ex¬ 
change at -40°C in this system (65JCS6695). At lower temperature 
(<-70°C), however, 5-pyrimidinyllithium derivatives can be prepared by 
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halogen-lithium exchange (56JA2136; 59T225; 65ACS1741). Gronowitz 
(65ACS1741) showed that, at very low temperature (- 105 to - 110°C), 
halogen-lithium exchange predominates with «-butyllithium, but at 
higher temperature additions occur to the azomethine groups of 5-bromo- 
pyrimidine. Above -30°C, n-butyllithium adds directly accross the 3,4- 
bond of the heterocycle. Halogen-metal exchange in pyrimidine de¬ 
creases in facility in the order C-5 > C-4(6) > C-2 (65ACS1741). 

Pyridazine and pyrazine have no ring positions equivalent to C-5 of 
pyrimidine, but even so there have been a number of metallated deriva¬ 
tives of pyrazines made either by lithium-hydrogen (68JOC1333; 
71RTC513; 74JOC3598) or lithium-halogen exchange (65JHC209). Simi¬ 
lar pyridazine reactions are believed to be a result of addition reactions 
(65ACS1652). 
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Chapter 11 


Compounds Containing Two or More Six- 
Membered Rings 


1. Introduction 

A. Survey of Heterocycles Considered 

A very large number of compounds qualify for inclusion in this chapter; 
however, quantitative data are available so far for only a few of them. 
This partly reflects the relative difficulty in carrying out electrophilic sub¬ 
stitution on these heterocycles, the rings of which are mainly it deficient. 
Nevertheless, there appears to be a substantial number of molecules that 
should be reasonably reactive, but which have not been investigated, and 
there seems to be scope for considerable further work in this area. We 
commence this chapter with an overview of the compounds to be 
considered. 

a. Compounds Containing One Nitrogen Atom 
i. Benzo-Annelated Pyridines ('ll.1-11.3). 



(11.1) (11.2) (11.3) 

Quinoline Isoquinoline Quinolizium 

(Benzo[ft]pyridine) (Benzo[r]pyridine) (Benzo[«]pyridine) 


ii. Benzo-Annelated Quinolines, Isoquinolines, and Quin- 
oliziums (11.4-11.12). 



(11.4) 

Benzol/lquinoline 


(11.5) 

Benzol/lquinoline 
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( 11 . 6 ) 

Benzo|/i|quinoline 
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(11.7) 

Benzo[/]isoquinoline 



( 11 . 8 ) 

Benzo[g]isoquinoline 



(11.9) 

Benzo[A]isoqiiinoline 



( 11 . 10 ) 



( 11 . 11 ) 



Benzo[rf]quinolizium 


Benzo[c]quinolizium 

(Acridizinium) 


Benzo[/>]quinolizium 


iii. Dibenzo-Annelated Pyridines (11.13, 11.14). 



(11.13) (11.14) 

Acridine Phenanthridine 

(Dibenzo[6,<?]pyridine) (Dibenzo[i>,</]pyridine) 


b. Compounds Containing Two Nitrogen Atoms 


i. Benzo-Annelated Pyrazines, Pyrimidines, and Pyridaz- 
ines (11.15-11.18). 
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(11.15) (11.16) 


(11.17) 


(11.18) 


Quinoxaline 

(Benzo[£]pyrazine) 


Quinazoline 

(Benzo[</]pyrimidine) 


Cinnoline 

(Benzo(<]pyridazine) 


Phthalazine 

(Benzo[</)pyridazine) 


ii. Dibenzo-Annelated Pyrazine and Pyridazine ( 11 . 19 , 

11 . 20 ). 



(11.19) 


Phenazine 

(Dibenzopyrazine) 



( 11 . 20 ) 


Benzo[r]cinnoline 
(Dibenzopy ridazine) 


iii. Pyrido-Annelated Pyridines (Naphthyridines) (11.21- 
11.26). 



( 11 . 21 ) 

1,5-Naphthyridine 

(Pyrido[3,2-6]pyridine) 



(11.24) 

1,8-Naphthyridine 

Pyrido[2,3-/j)pyridine 



( 11 . 22 ) 


1,7-Naphthyridine 
(Py rido[3,2-c] pyridine) 



(11.25) 

1,6-Naphthy ridine 
(Pyrido|3,2-t]pyridine) 



(11.23) 


2,7-Naphthyridine 

(Pyrido[4,3-c]pyridine) 



(11.26) 

2,6-Naphthyridine 

(Pyrido[4,3-c]pyridine) 



356 


11. TWO OR MORE SIX-MEMBERED RING COMPOUNDS [Sec. I.; 


iv. Pyrido-Annelated Quinolines and Isoquinolines (e.g., 
11.27-11.30). There are a large number of compounds in this cate¬ 
gory, with 10 isomers for 11 . 27 , six for 11 . 28 , four for 11 . 29 , and eight for 
11 . 30 . 



<Pyrido[4,3,-jEf Jisoquinoline) Pyrido[2.3-c]quinoline 


v. Benzo-Annelated Quinoxalines, Quinazolines, Cinno¬ 
lines, and Phthalazines (e.g., 11.31-11.34. There are 10 iso¬ 
meric compounds of this type, of which four are shown. 



Benzo[j?lquinoxaline 

(11.32) 

Benzo[/]cinnoline 

(11.34) 


Benzo[/i]quinazoline 


Benzo[A]phthalazir 


Additionally, derivatives exist with nitrogen at bridgeheads, but they 
are unreactive with no reports of electrophilic substitution on them. 

c. Compounds Containing Three Nitrogen Atoms 

i. Dipyrido-Annelated Pyridines (e.g., 11.35). In addition to 
1 ,9,10-anthyridine, eight other isomers exist in this category. 



(11.35) 

1,9,10-Anthyridine 

(Pyrido[2,3-fcl-l,8-naphthyridine) 
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ii. Pyrido-Annelated Pyrazines, Pyrimidines, and Pyridaz- 
ines (11.36—11.38). Benzo derivatives of these compounds are possi¬ 
ble but reports of them are very rare. Compounds with bridgehead nitro¬ 
gen are so unreactive as to be of no concern here. 



(11.36) (11.37) (11.38) 

Pyrido(2,3-b)pyrazine Pyrido[3,4-tf]pyrimidine Pyrido[2,3-</]pyridazine 

d. Compounds with Four or More Nitrogen Atoms 

There are 12 isomers for compounds containing two rings with two ni¬ 
trogens in each (excluding those compounds with nitrogen bridgeheads). 
All are very unreactive, and the only one of significant interest is pteridine 
(11.39). 



(11.39) 

Pteridine 


e. Hydroxy Derivatives “Ones" of Compounds 11.1-11.39 
with Hydroxy Group Conjugated with Nitrogen (e.g., 

11.40, 11.41) 



H 


(11.40) 

2-Quinolone 



(11-41) 

3-lsoquinoIone 


f. N-Oxide Derivatives of Compounds 11.1-11.39 (e.g., 
11.42) 

More than one oxide function can occur within a given molecule. 
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0" 

(11.42) 

Quinoxaline I-Oxide 


g. Compounds Containing Other Group VB Elements 

A number of derivatives of compounds in classes discussed in Sections 
l.A.a-l.A.d are known, containing arsenic or phosphorus in place of ni¬ 
trogen, but there are no reports of quantitative electrophilic substitution. 

h. Compounds Containing Boron and Nitrogen (e.g., 11.43) 



(11.43) 

A Borazaphenanthrene 


i. Benzo-Annelated Pyrylium Ions (e.g., 11.44, 11.45) 



(11.44) (11.45) 

I-Benzopyrylium 2-Benzothiopyrylium 


j. Benzo-Annelated Pyrones (11.46-11.48) 



o 


(11.46) 

Coumarin 


(11.47) 

Isocoumarin 


(11.48) 

Chromone 
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B. Reactivity Patterns 


In general the reactivity of nitrogen-containing compounds will be gov¬ 
erned by the following factors. 

(1) Reactivity will decrease as the number of nitrogen atoms increases. 
Molecules with nitrogens concentrated in one ring will tend to be more 
reactive than those in which the nitrogens are more evenly distributed. 
Thus benzo[g]quinoxaline ( 11 . 31 ) should be more reactive than 1,9-an- 
thrazoline ( 11 . 29 ). 

(2) The reactivity will be subject to the same factors that produce the 
differential positional reactivities in poly(carbo)cyclic aromatics. Thus, 
a-naphthalene-like positions will be kinetically more reactive than 13- 
naphthalene-like ones though subject in some reactions to greater steric 
hindrance. Anthracene-like molecules will be more reactive than phenan- 
threne- or naphthalene-like ones. Thus, benzo[g]quinoline will be more 
reactive than benzo[/z]quinoline or quinoline. 

(3) An aza analogue with nitrogen occupying a reactive position in the 
carbocycle will be less reactive than an aza analogue in which a less reac¬ 
tive site is occupied. Thus, quinoline is less reactive than isoquinoline, 
and acridine ( 11 . 13 ) is expected to be less reactive than benzo[g]quinoline 
( 11 . 5 ). 

(4) Bond-order differences are of crucial importance, the deactivation 
by nitrogen across a bond of low order being much less than that across 
a bond of high order. This substantially affects the positional reactivities 
in molecules with nitrogen occupying (3-naphthalene-like positions [e.g., 
isoquinoline ( 11 . 2 ), benzo[/]isoquinoline ( 11 . 7 ), 1,7-naphthyridine ( 11 . 22 ), 
and 2,7-anthrazoline ( 11 . 28 )]. The bond-order effect also indirectly ac¬ 
counts for the fact that the position of highest electron density in the neu¬ 
tral isoquinoline species is the 4-position, i.e., in the ring containing the 
nitrogen, consequently this is the preferred site for substitution of the free 
base. There appears to be considerable misunderstanding of this point in 
the heterocyclic literature [see, e.g., 81HC(381)32; 85MI1, for examples] 
and it is dealt with more fully in Section 7. Sites meta to nitrogen in mole¬ 
cules such as 11 . 7 , 11 . 22 , and 11.28 should likewise all be relatively 
reactive. 

(5) Deactivating conjugative interactions that are weak because of un¬ 
favorable location of the double and single bonds in the transition state 
become stronger in benzo derivatives because one ring will remain benze- 
noid in the transition state. Thus, whereas the 5-position is poorly conju¬ 
gated with the 1-nitrogen in quinoline (substituent interaction factor A, 
= 3.6 [81 JCS(P2) 1153]) leading to substantial 5-substitution, in acridine 
( 11 . 13 ) the 1-position is much better conjugated with the 10-nitrogen (A f 
= 10.9) so that little 1-substitution is observed. 
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(6) Compounds with bridgehead nitrogen atoms between two six- 
membered rings are necessarily cationic and are therefore very unreac¬ 
tive. The positions in these molecules that are best conjugated with the 
positive nitrogen [e.g., the 4- and 8-positions in acridizinium (11.11)] will 
be the most strongly deactivated. 

(7) Hydroxy derivatives (which normally exist predominently as car¬ 
bonyl compounds or ketones) will be much more reactive than the parent 
compounds. 

(8) N-Oxides will be more reactive than their parents. The activating 
effect of the oxide function should vary according to the extent of bond 
fixation within a molecule. Thus, in isoquinoline N-oxide the reactivity 
of the 1-position relative to that in isoquinoline will be raised much more 
than will that of the 3-position. 

(9) Compounds will be very much less reactive under conditions in 
which nitrogen is protonated and the positional order may be altered. 

Similar factors account for the relative reactivity of oxygen-containing 
compounds. Thus 1-benzopyrylium ( 11 . 44 ) is very unreactive, but more 
reactive than pyrylium. The least reactive sites will be the 2- and 4-posi- 
tions and in the benzenoid ring it will be the 7-position because of the 
high stability of the p-quininoid structure ( 11 . 49 ). For 2-benzopyrylium, 
the least reactive sites will be the 1- and then the 6-position, the latter 
arising from the high stability of structure 11 . 50 ; 11.50 is more stable than 
11 . 49 , so the 6-position of 11.50 will be less reactive than the 7-position 
of 11 . 49 . 



(11.49) (11.50) 


Coumarin ( 11 . 46 ), iscoumarin ( 11 . 47 ), and chromone ( 11 . 48 ) should 
each be more reactive than the corresponding pyrone, and consideration 
of conjugative effects indicates substitution to be preferred at the 3-posi- 
tion of 11.46 and 11 . 48 , and at the 4-position of 11 . 49 . Isocoumarin 
( 11 . 47 ), in which the oxygen lone pair is less readily delocalized into the 
benzenoid ring, should be more reactive than the other two isomers. Sub¬ 
stituents in these molecules will have very marked directional effects be¬ 
cause of significant bond fixation. 
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2. Acid-Catalyzed Hydrogen Exchange 

A. Quinolines and Isoquinolines 

Deuteriation of quinoline with sulfuric acid of various strength and at 
a range of temperatures indicated that the positional reactivity order for 
quinoline was 8>5, 6>7>3 [67CPB826; 72BAU2029], and the order 
8 > 5 > 6 > 7 has been confirmed in a kinetic study [71 JCS(B)4]. The 
reactivity order shows that the conjugate acid is involved (since the 5- 
position is the most reactive in the free base; see Section 7) and this was 
confirmed for exchange at each of those positions by the slope of the 
rate-acidity profile. However, at D a = 0.5, both the 2- and 3-positions 
were more reactive than the other positions, which is not in agreement 
with an A-S E 2 mechanism on either the free base or conjugate acid. The 
high reactivity of the 2-position was attributed to base-catalyzed ex¬ 
change of the conjugate acid, exchange next to a positive pole being very 
rapid by such a mechanism (see 2-exchange in pyridine, Chapter 9, Sec¬ 
tion 3). This mechanism is however unable to account for the high reactiv¬ 
ity of the 3-position under these conditions since it should be substantially 
less than in the 2-position, which was not the case. It therefore appeared 
possible that exchange at the 3-position occurs via yet another mecha¬ 
nism, the rate-determining formation of a covalent hydrate by water at 
higher acidity or by OD~ at lower acidity (Scheme 11.1). The slow first 
step is understandable because of the loss of the aromaticity which is 
implied, and is in agreement with the low concentration of OD~ under 
the conditions used. 

Exchange in isoquinoline showed a marked difference in rate-acidity 
profile between the 1- and 4-positions on the one hand, and the 5- and 8- 
positions on the other (Fig. 11.1). The 5- and 8-positions clearly exchange 
as the conjugate acids, but the decrease in rate for the 1-position with 
increasing acidity, together with it being more reactive than the 5- and 
8-positions at low acidity or weak basicity, show that a base-catalyzed 
mechanism on the conjugate acid applies. For exchange at the 4-position 
at this acidity a mechanism similar to that in Scheme 11.1 was considered 
probable [71JCS(B)4]. However, the conclusion is less certain in the iso¬ 
quinoline case because in the free base the 4-position of isoquinoline is 
expected to be the most reactive (see Section 7). 

Exchange in the hydroxy derivatives of quinoline and isoquinoline has 
been studied. For exchange at the 3-position of 4-quinolone, the rate is 
roughly invariant with acidity below H 0 -7 but increases rapidly at higher 
acidity. This rate-profile slope alteration is due to a change-over from 
reaction on the free base to reaction on the conjugate acid and relative 
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Scheme 11.1. Mechanism for 3-exchange in quinoline under neutral conditions. 


reactivities of these two species was calculated to be 10 7 3 . At high acidity, 
the slope of the rate-acidity profile (0.53) was similar to that of 4-me- 
thoxyquinoline, which also reacts as the conjugate acid. The relative rates 
of exchange at the 3-, 6-, 8-, and 5-positions of the 4-quinolone conjugate 
acid (i.e., the 4-hydroxyquinolinium cation) were found to be 1: 10" 2 5 : 



Fig. 11.1. Rate-acidity profile for hydrogen exchange in isoquinoline at the A,l-; B,4-; 
C.5-; and Depositions. 
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10 4 : 10 5 [67JCS(B) 1226]. The order arises because the 6- and 8-posi¬ 
tions are conjugated with the 4-hydroxy group, and the 5- and 8-positions 
are fairly reactive in the parent quinolinium cation. The 8-position is here 
less reactive than the 6-position because 4,8( 1,5)-conjugation is unfavor¬ 
able (see Section 7). By contrast, for 2-quinolone, the positional reactivity 
order (for reaction on the conjugate acid at acidity greater than H 0 - 6) 
is 8 > 6 > 5 > 3 (> 4, 7); the relative reactivity for the first four positions 
is 1.0 : 0.2 : 0.03 : 0.03 (68BAP453, 68CPB715). Here conjugation between 
the 2- and 8-positions is better than between the 4- and 8-positions in 4- 
quinolone. Conversely, 2,3-conjugation is poor (due to the low 2,3-bond 
order), hence the 3-position is relatively unreactive. The 5-, 6-, and 8- 
positions of 2-quinolone were 90-15,000 times more reactive than those 
in 4-quinolone ( 11.51 and 11.52 show the rate coefficients in hrat H„ 
-9 and 110°C): this is a direct consequence of the better conjugation be¬ 
tween the 2-position and the benzenoid ring compared to the 4-position 
and the benzenoid ring. For example, the substituent interaction factors 
A, [81JCS(P2)1153] are 7.3 and 10.9 for 11.53 and 11 . 54 , respectively. 



( 11 . 51 ) ( 11 . 52 ) ( 11 . 53 ) ( 11 . 54 ) 


Comparison of the exchange data for 4-quinolone and 4-pyridone indi¬ 
cated that benzo annelation increases the reactivity of the latter by ~10 2 
for the free base and >10 5 for the conjugate acid [67JCS(B)1226]. Again, 
the factor is greatest for the less reactive system, in keeping with the 
reactivity-selectivity principle. 

3-Hydroxyquinoline underwent exchange at the 5-, 6-, and 8-positions 
10-fold faster than quinoline under the same conditions, and exchange at 
the 7-position became observable. In this work, a 2-methyl substituent 
was found to increase the reactivity of the 5- and 8-positions 10-fold and 
of the 6-position by sixfold (72BAU2029). These values are somewhat 
surprising because the 2,6-conjugative interaction is much the strongest 
(cf. substituent effects in detritiation of naphthalene [68JCS(B)1112]); 
perhaps the mechanism is not the same under all conditions. 

For exchange in 1-hydroxyisoquinoline with 61 wt% D 2 S0 4 at 180°C, the 
positional reactivity order was 4 > 5 2= 7 > 8 > 3 > 6 (68CPB715), which is 
almost exactly the order for the free base of isoquinoline (Section 7). 
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However, the conjugate acid is almost certainly the exchanging species 
in 3-hydroxyisoquinoline, so this agreement is probably fortuitous and 
may reflect near cancellation of the effects of the OH substituent and N- 
protonation. 

For exchange in 4-hydroxyisoquinoline by 94 wt% D 2 S0 4 at 145°C, the 
positional order was 3 > 5 > 8 > 6; the corresponding rate coefficents k 
(sec -1 ) were 1.3 x 10“ 2 , 1 x 10“ 2 , 2 x 1(T\ and 2.1 x 10' 4 
(72CHE1495). Here the 5-: 8-rate ratio is not significantly different from 
that evident in Fig. 11.1, which again demonstrates the poor conjugation 
between the 4- and 8-positions. The observation of 6-exchange in 4-hy- 
droxyisoquinolinium cation suggests that exchange at the 6-position 
should also be observable with isoquinoline itself; the failure to do so may 
reflect the complexity of the NMR signals [71JCS(B)4]. The increments 
in exchange rate produced by a 3-methyl substituent in the 4-hydroxyiso- 
quinolinium cation at the 5-, 8-, and 6-positions were 6.3-, 8-, and 8-fold, 
respectively (72CHE1495). Again the smaller effect at the 5-position is 
surprising as it is the only one conjugated with the methyl group. 

Rates of exchange over a wide range of acidity have been measured for 
6-hydroxyquinoline (11.55), 6-methoxyquinoline (11.56), and 6-hydroxy- 
1-methylquinoline (11.57) [71 JCS(B)11]. In the alkaline region, 6-hydro¬ 
xyquinoline gave a rate versus acidity slope of 1.3, and the same slope 
value was found for 2-naphthol, indicating that both undergo exchange 
by reaction of the anion with D 3 0 + . Over the weakly acidic range (pD 4- 
2) all three compounds give rate profiles with slopes near zero, indicating 
that each exchanges as a neutral species reacting with D,0 + . However, 
11.56 was much less reactive than either 11.55 or 11.57 showing that it is 
the zwitterionic form of 6-hydroxyquinolinium that undergoes reaction. 
In the strongly acidic region ( H 0 - I to -4), all three compounds have 
similar exchange rates, and rate versus acidity slopes of 0.7, showing that 
each exchanges as the cation. 



Me 


( 11 . 55 ) ( 11 . 56 ) ( 11 . 57 ) 

Rate profiles have been obtained for exchange in 6- and 7-aminoquin- 
olines at the 5- and 8-positions, respectively [71JCS(B)11]. These rate 
profiles are fairly similar and show the expected changes in slope corre¬ 
sponding to the first and second protonations at the appropriate pA 
values. 
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B. Quinoline and Hydrogen Isoquinoline TV-Oxides 

The positional order for exchanging quinoline (Q) N-oxide is 8 > 5,6 
> 7 > 3 L67CPB826; 70CPB203; 71JCS(B)4], the same as in quinoline. 
For isoquinoline (iQ) N-oxide, the order 5 > 8 has been obtained. Both 
N-oxides react (at the positions mentioned) as their conjugate acids 
|7IJCS(B)4]. The relative reactivities of the 5- and 8-positions in the N- 
oxides are 8-iQ > 8-Q > 5-Q = 6-Q > 5-iQ. 

Comparison between the reactivity of the N-oxides and the parent com¬ 
pounds (Table 11.1) shows that formation of the N-oxides increases the 
reactivity by — 10-fold, except that at the 8-position of quinoline, where 
the reactivity remains the same. The difference between the result for the 
8-position and the others probably again reflects the poor 1,5-conjugative 
interaction. The relatively small incremental activation for the other posi¬ 
tions reflects the generally poor transmission of conjugative effects be¬ 
tween one ring and the other in naphthalene-like molecules [68JCS- 
(B)l 112], 

3-Methylisoquinoline N-oxide showed exchange at the 8,5- and then at 
the 6,7-positions, while the less reactive 6-chloro compound gave only 
5,8-exchange (67CPB826). 


C. Chromone and Thiachromone 

Both these molecules exchange as the free bases at the 3-, 6-, and 8- 
positions f71 JCS(B) 11]. These are the sites conjugated with the cyclic oxy¬ 
gen and sulfur atoms, and the 3-sites are much more reactive than the 6- 
and 8-sites because the benzenoid aromaticity is undisturbed for 
exchange at the 3-position. 4-Hydroxycoumarin undergoes exchange at 
the 3-position with D,0 in acetone (68CJC1949). Standard log exchange 
rates for the above compounds are given in Table 11.1 |73JCS(P2)1065]. 


3. Base-Catalyzed Hydrogen Exchange 

In the rate-acidity profile studies described in Section 2, some com¬ 
pounds were found to undergo exchange on the protonated substrate, via 
the base-catalyzed mechanism (ylide intermediate). This mechanism has 
also been found to apply to 2-exchange in quinoline I-oxide (67CPB826) 
and for exchange in 1,10-phenanthroline with D,0 at 250°C. The percent¬ 
age of deuterium incorporation after 24 hr is given in formula 11 . 58 , which 
shows the expected pattern of reactivity at positions relative to a proton¬ 
ated nitrogen of a > y > p. 



Standardized Reactivity 


Substituent T (°C) Position 


Quinolines and Isoquinolines 
Quinoline 245 5 

Quinoline 245 6 

Quinoline 245 7 

Quinoline 180 8 

Quinoline 245 8 

Quinoline 245 3 

4-OMe-Q 90 3 

6-OH-Q 50 5 

6-OH-Q 50 5 

6-OH-Q 50 5 

6-OMe-Q 50 5 

6-OMe-Q 180 5 

6-OH-Q 180 5 

6-OH-l-Me-Q 50 5 

6-OH-l-Me-Q 50 5 

6-NH r Q 35 5 

6-NH,-Q 35 5 

6-NH-.-Q 50 5 

6-NH,-Q 50 5 


TABLE 11.1 


ta for Acid-Catalyzed Hydrogen Exchange 

Species 41og Ustoich)] 

charge -//„ range d (-HJ -log L," 


+ — 0.0-2.3 0.45 11.68 

+ — 0.3-2.3 0.52 12.09 

+ 1.0-3.3 0.83 13.72 

+ 3.4—5.9 0.83 11.86 

+ -0.3-2.3 0.78 11.19 

+ 2.3-3.3 0.68 13.06 

+ 5.4—9.0 0.72 9.52 

+ 1.5-3.9 0.81 4.97 

0 — (2.7-0.6) -0.06 -0.60 

-(12.7-10.8) 1.34 -13.86 

+ 1.7-3.9 1.14 6.08 

+ -(0.8-0.3) 0.76 6.79 

0 -(4.5-1.4) 0.00 3.50 

+ 1.1-2.5 0.65 4.76 

0 -9.2-1.1 -0.06 -1.67 

-1.7-1.1 -0.13 -0.23 

— (3.2-1.7) 0.53 -0.22 

— (4.0-1.9) 0.56 -0.03 

— 7.0-4.5 -0.33 -1.29 


(min) 

(maj) 



7-NH,-Q 35 8 

7-NH,-Q 35 8 

7NH,-Q 50 8 

7-NH,-Q 50 8 

2-Quinolone 110 3 

2-Quinolone 110 5 

2-Quinolone 110 6 

2-Quinolone 110 8 

4-Quinolone 90 3 

4-Quinolone 90 3 

4-Quinolone 124 3 

Isoquinoline 180 5 

Isoquinoline 245 5 

Isoquinoline 180 8 

Quinoline and Isoquinoline N-Oxides 
iQ 2-oxide 180 5 

iQ 2-oxide 180 8 

Q 1-Oxide 180 5,6 

Q I-Oxide 180 8 

Chromone and Thiachromone 
Chromone 180 3 

Chromone 180 6 

Chromone 180 8 

Thiachromone 180 3 

Thiachromone 180 6,8 


“Average values. 


+ (min) 0.0-I.2 0.00 -0.41 

+ (maj) -1.2-0.0 0.74 - 0.26 

+ -(3.4-1.9) 0.88 -0.59 

0 -(7.5-4.5) 0.00 -3.26 

+ 4.9-6.6 0.51 8.90 

+ 4.9-6.6 0.76 10.41 

+ 4.9-6.6 0.75 9.49 

+ 4.9-6.6 0.60 7.86 

+ 5.9-9.0 0.54 7.61 

0 -0.2-4.4 -0.13 2.09 

0 0.6—4.3 0.00 2.75 

+ 4.1-5.7 0.93 11.79 

+ 0.2-1.7 1.00 11.55 

+ 4.1-6.3 0.90 13.02 


+ 3.5-5.7 0.64 10.25 
+ 4.7-5.7 0.69 12.32 
+ 4.7-5.5 0.58 11.53 
+ 3.5-5.5 0.56 10.27 


0 1.9-5.4 0.00 6.71 
0 1.9-5.4 0.00 7.94 
0 2.8-5.4 0.00 8.50 
0 1.8-5.4 0.00 6.95 
0 1.8-5.4 0.00 8.89 
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Rate coefficients k (sec - ') for exchange of quinoline and 1,5-naphthyri- 
dine as neutral species with NaOEt/EtOD at 191°C are shown in 11.59 
and 11.60 (73JA3928). Quinoline is more reactive than pyridine by factors 



(11.58) (11.59) (11.60) 

of 1.45, 1.15, and 2.29 at the 2-, 3-, and 4-positions, respectively. This 
modest rate enhancement is consistent with the -/ effect of the benzo 
substituent, and the established fact that the -/ effect of benzo annela- 
tion is greater at the 1- than at the 2-position. Thus, for example, the 
2: 1-rate ratio for base-catalyzed exchange in naphthalene is ~2.0 
[72M1(267)]. Comparison of 11.59 with 11.60 showed the effect of the sec¬ 
ond nitrogen to be 9.8 (4-position), 7.0 (3-position), and 5.8 (2-position), 
consistent also with the inductive effect. Because the 3- and 8-positions 
are formally meta to nitrogen, the seven-fold difference in reactivity be¬ 
tween them was considered to be too small for the reactivity of the 8- 
position to have been significantly affected by unfavorable interactions 
between the a lone pair on the (neutral) nitrogen and the carbanion in the 
transition state (73JA3928). However the 2-: 1-rate ratio for naphthalene 
should also be taken into account, and it seems probable that there is in 
fact a small but significant unfavorable interaction between the two lone 
pairs. Some log rate coefficients for exchange under the conditions stated 
are gathered in Table 11.2 (74CHE1397). Comparison with Tables 9.2 and 
9.3 (74CHE1397) indicate that benzo annelation produces a similar activa¬ 
tion at the 4-position of pyridine to that in the reaction with NaOEt given 
above, but the 2-position is activated about twice as much. Annelation 
produces a much bigger increase in reactivity in the N-oxides. 

Isoquinoline is more reactive at the 1-position than quinoline is at the 
2-position by approximately the same factor by which the 1-position of 
naphthalene is more reactive than the 2-position; this is true also for the 
N-oxides. Comparison of the rate data for quinoline and quinoxaline 
( 11 . 15 ), and the data in 11 . 59 , suggests that replacement of =CH— by 
=N— accelerates the exchange at the 2- and 3-positions by factors of 135 
and 20, respectively. The low reactivity of quinoxaline N-oxide seems 
anomalous and may be in error. 



Sec. 4.A] 


NITRATION 


369 


TABLE 11.2 


Rate Data for Base-Catalyzed Hydrogen Exchange by MeOK in MeOD" 


Compound 

Position 

MeOK (M) 

T (°C) 

- log k 

Quinoline 

2 

0.6 

140 

6.3 


4 

0.6 

140 

5.8 

Isoquinoline 

1 

0.6 

140 

6.0 


4 

0.6 

140 

5.2 

Quinoxaline 

2,3 

0.6 

140 

5.0 

Quinoline A/-oxide 

2 

0.1 

50 

5.5 

Isoquinoline /V-oxide 

1 

0.1 

50 

4.2 

Quinoxaline N-oxide 

3 

0.1 

50 

6.1 

Quinoxaline N,AT-dioxide 

2.3 

0.1 

50 

3.5 


“(74CHE1397). 


Finally, the log rate of deuteriation at 50°C of the quinazoline derivative 
11.61 has been determined as -5.3. For the derivatives with —CH, 
—CH,— or —CH=CH— peri bridges, the corresponding values were 
-5.4 and -5.2, respectively (77CHEI235). 



Me 

( 11 . 61 ) 


4. Nitration 

A. Compounds Containing One Nitrogen Atom 

Nitration of quinoline with nitric acid or metal nitrates in acetic anhy¬ 
dride gives the 3-nitro derivative, together with some of the 6- and 8- 
isomers (40JA1640; 57JCS2521); the 3-derivative (—30%) is also obtained 
by reaction with tetranitratotitanium(IV) [74JCS(P 1) 1751]. These reac¬ 
tions almost certainly involve the free base, for which the expected posi¬ 
tional reactivity order is 5 > 8 = 6 > 3; all of these positions are of closely 
similar reactivity (Section 7). Steric hindrance may reduce the amount of 
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pm'-(5,8)-substitution. The predominance of 3-substitution may, how¬ 
ever, arise under some (but not all) conditions from the formation of a 
1,2-dihydroquinoline intermediate (11.62) (57JCS2521). 

Nitration of quinoline with nitric acid/sulfuric acid gives mainly the 5- 
and 8-derivatives (40JA1640; 57JCS2521) and studies of rate-acidity pro¬ 
files show that the quinolinium ion is the reacting species [62C1(L) 1057]. 
This was confirmed by the log A value of 9.0 sec 1 , which is typical of 
reactions between two positively charged species (63JCS4204), and by 
the parallel rate-acidity profiles for nitration of all the four species, quin¬ 
oline, isoquinoline, and their N-methyl perchlorates [63CI(L)1283; 
64T89]. The overall relative rates for these four species were 

I. 0: 13.9:0.27 : 15.4 showing the typically higher reactivity of isoquino¬ 
line compared to quinoline [see Section l.B, paragraph (3)], the low reac¬ 
tivity of the 1-methylquinolinium cation here may be a solvation rather 
than an electronic effect [63CI(L)1283]. 

The quinolinium ion is at least 10 s times more reactive in nitration than 
the pyridinium ion (63JCS4204). The ratio of the reactivity of quinolinium 
to benzene and to naphthalene has been derived as 1.2 x 10“ 7 and 1 
x 10~ 10 , respectively [63CI(L)1283; 68ZC201]. A detailed study of the 
products of nitration of quinoline by nitric acid in 80 wt% sulfuric acid at 
25°C yielded the partial rate factors shown in 11.63 [71 JCS(B) 1254] so 
that the positional reactivity order for the quinolinium ion is 5 > 8 > 6 > 
7 > 3, which is almost exactly that which applies to the free base, al¬ 
though the relative differences are much greater (Section 7). Likewise, 
partial rate factors for nitration on the isoquinolinium ion are given in 

II . 64 (64MI2), and the differences in the i-Q/Q-rate ratios for the 5- and 8- 
positions (52 and 7, respectively) show the effect of conjugation between 
nitrogen and the 5-position in quinoline and the 8-position in isoquinoline. 
Nitration of isoquinoline with nitric acid in acetic anhydride almost cer¬ 
tainly involves the free base and consequently gives the 4-derivative in 
14% yield (720PP9); the 4-position is the most reactive site (see Sec¬ 
tion 7). 



(11.62) 


(11.63) 


(11.64) 
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Nitration of 5-nitroquinoline also goes via the cation, as shown by the 
rate relative to quinoline of 4.6 x 10“ 7 , about the same as that (1.8 x 
10 7 ) which applies between nitrobenzene and benzene [79CI(L)28]. Re¬ 
action on the conjugate acid of 5-nitroquinoline would be expected be¬ 
cause of the rather poor 1,5-conjugative interaction in benzenoid systems 
and thus the relatively small effect of the 5-nitro group on the basicity of 
quinoline; moreover the a lone-pair density on nitrogen can only be re¬ 
duced inductively. Nitration of all of the nitroquinolines gave the posi¬ 
tional yields shown in Table 11.3 (79CPB2627). The results are as ex¬ 
pected based on the electronic effects of the nitro group. 

Nitration of the quinoline derivatives 1,2,3,4-tetrahydroacridine ( 11 . 65 ) 
and 2,3-dihydro-l//-cyclopenta[b]quinoline (11.66) goes into the 5-and 
8-positions as it does in 7,8,9,10-tetrahydrophenanthrene ( 11 . 67 ) (65- 
JPJ645). 



(11.65) (11.66) (11.67) (11.68) 


High yields of 5- and 8-nitro derivatives have been reported for nitra¬ 
tion of quinoline with strongly activating groups at the 6-position (which 
direct into the 5-position). Electron-withdrawing groups at the 4-position 


TABLE 11.3 


Percentage Yields in Nitration of 
Nitroquinolines 


Substituent 


Yields 

l position 


5 

6 

7 

8 

2-NO 


40 

_ 

_ 

33 

3-NO 


22 

— 

— 

41 

4-NO 


46 

_ 

— 

18 

5-NO 


— 

— 

35 

— 

6-NO 


— 

— 

— 

31 

7-NO 


14 

10 

— 

8 

8-NO 


- 

38 

- 
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of quinoline also gives good yields of 5- and 8-nitro derivatives, possibly 
because reaction takes place on the free base. This seems particularly 
probable for reaction of 4,7-dichloroquinoline, which gave 91% of the 8- 
nitro derivative. Percentage yields for nitration of variously substituted 
4-chloro-6-methoxyquinolines (11.68) for different R groups were H, 83; 
2-Me, 58; 7-C1, 42; 7-F, 63; and 7-CF 3 ,40 [69JCS(C)1369], 

Nitration of 4-hydroxyquinoline (11.69,4-methoxyquinoline (11.70), 
and l-methyl-4-quinolone (11.71) (as the conjugate acids) gave the partial 
rate factors shown [71 JCS(B) 1493]. Thus (cf. 11.63) OH activates the 6- 
and 8-positions by factors of 3300 and 29.5, respectively; the correspond¬ 
ing values for the OMe substituent are 1600 and 23. This confirms the 
earlier findings from hydrogen exchange that substituent effects operate 
more effectively in naphthalenoid systems between the 1,7(2,8)- than be¬ 
tween the 1,5-positions [68JCS(B)1112]. The corresponding substituent 
interaction factors A f are 3.6 and 7.3 [81JCS(P2)1153]. 



(11.69) (11.70) (11.71) 


It is surprising that no 3-substitution was found in 4-hydroxyquinoline 
because the high 3,4-bond order would lead one to expect an activation 
of — 10 s — 10 6 (Af factor for the 1,2-interaction is 18.2). The failure to detect 
8-nitration of 11.71 must reflect considerable steric hindrance from the N- 
methyl group (cf. hydrogen exchange of chromone. Sect. 2.C). Earlier 
work has shown 4-quinoline to nitrate in the 3-position with nitric acid 
(49JCS1367) and in the 6-position with fuming nitric acid (49JCS255). 3- 
Methyl-4-quinolone, in which steric hindrance to 8-substitution is much 
less, gave mainly 6- with some 8-substitution (50JCS2092). 6-Methyl- and 
6-methoxy-4-quinoline gave the corresponding 5-nitro products in 81 and 
78% yields, respectively [69JCS(C)1369], There is considerable bond fix¬ 
ation in quinolones, which causes strong activation across the 5,6-bond. 

Nitration of 3-hydroxyquinoline in nitric acid/sulfuric acid gave the 5- 
and 7-derivatives in —90 and 10% yields, respectively. The latter is due 
to the very strong 2,6(3,7)-interaction in naphthalenoid systems (A f factor 
10.9). Nitration of 3-hydroxyquinoline in acetic acid probably involves a 
neutral species (free base or zwitterion) and gives 70% of the 4-derivative 
(74CHE699), the 4-position being very strongly activated as a result of 
the high 3,4-bond order. 
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Nitration of various quinolizium species has been studied. The quin- 
olizium pseudo-base 11.72 nitrated readily but gave complex products 
(63JCS2203). 1-Hydroxyquinolizium (11.73) gave the 2-nitro- and 2,4-dini- 
tro derivatives (64JCS3030); the lack of 4-nitro product demonstrates the 
field/inductive effect of the pole. Quinoliz-4-one (11.74) dinitrates with 
nitric acid but gives the 1- and 3-nitro derivatives in a ratio of 2:5 with 
cupric nitrate in acetic anhydride (64T1051). 



( 11 . 72 ) ( 11 . 73 ) ( 11 . 74 ) ( 11 . 75 ) 


Nitration of 2-anilino-4-methylquinoline (11.75) with nitric acid in 50 
wt% H 2 S0 4 gives equal amounts of the o- and p-nitrophenyl derivatives, 
but in 85 wt% acid the p-nitrophenyl and 6-p-dinitro derivatives are 
formed (the latter arising from the strong 2,6-conjugative interaction). 
Acetyl nitrate gave mainly o-nitrophenyl and o,p-dinitrophenyl deriva¬ 
tives (70CPB2094). 

Nitration of phenanthridine gives the isomer distribution shown in 
11.76 (52JCS2156), which demonstrates two features. First, the reactive 
sites are those which are not conjugated with nitrogen, as expected. More 
interesting, however, is the fact that the 3-, 1-, 10-, and 8-positions corre¬ 
spond to the 7-Q, 5-Q, 5-iQ, and 7-iQ positions, respectively, in quinoline 
and isoquinoline, and give exactly the relative isomer yields for these po¬ 
sitions predicted by their ct + values (Section 7). Phenanthridin-6-one 
(11.77) gave the expected 2- and 4-nitro derivatives in a ratio of 6: 1 
(70JHC313,597). The 1,10-dicarbonyl compound 11.78 gave the 4-nitro 
derivative in 96% yield, with dinitration occurring in 45% yield at the 
positions shown [81CA(95)80688], 



( 11 . 76 ) 


( 11 . 77 ) 
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0 9(66%) 


(11.78) (11.79) 

Nitration of 2,4-dimethylbenzo[/i]quinoline gives the yields at the 7- 
and 9-positions shown in 11.79 (77MI1), neither position being conjugated 
with nitrogen. The reason for the higher yield of the 9-isomer is not obvi¬ 
ous, especially since in phenanthrene the positional order in nitration (9 
> 1 > 3 > 2 > 4) predicts the 7-position of 11.79 to be most reactive. 

Nitration with mixed acid of benzo[g]isoquinoline and various methyl 
derivatives gave 5- and 9-substitution, with overall yields as shown in 
11.80. Just as anthracene is very reactive (positional order 9 >> 1 > 2), 
here too the reactivity was such that, even at 0°C, dinitration could not 
be prevented (81CHE1217). 9-Substitution is somewhat surprising, since 
the 9-position is conjugated with nitrogen, but presumably the expected 
5,6-disubstitution is prevented by steric hindrance. 


R, R, R, Yield 5 



(11.80) 


The high reactivity of anthracene-like systems is shown by the 190- 
fold relative reactivity of acridine to quinoline (57JCS2521); the isomer 
distribution is given in 11.81 (38CB808); the reason for the relative lack 
of 1-substitution (cf. 5-substitution in quinoline) is given above [Section 
l.B, paragraph (5)]. 9-Aminoacridine also nitrates rapidly at 0°C to give 
47% of the 2,4-dinitro derivative (49JCS1008). Likewise, acridizinium 
(11.11) nitrated at the 10-position in 65.5% yield at -5°C, and this posi¬ 
tion corresponds to the 5-position in isoquinolinium (74JOC1157). 
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Nitration of quinoline and isoquinoline N-oxides has been studied. The 
latter compound gave an acidity dependence (in 76-83 wt% sulfuric acid) 
indicative of reaction on the protonated species, 1-hydroxyisoquinoli- 
nium. Partial rate factors (11.82) were derived [63CPB1326; 64CI(L)1577; 
66JCS(B)870]. Comparison of rate factors for isoquinoline N-oxide with 
those in 11.64 indicates that the protonated N-oxide is less reactive than 
the protonated quinoline (i.e., the inductive effect of the N-hydroxyl 
group outweighs its conjugative effect, which is in accordance with other 
evidence) [see, e.g., 76AHC(20)1]. 

2-Methoxyisoquinolinium was nearly four times less reactive than 2- 
hydroxyisoquinolinium (11.82), suggesting that solvation factors are par¬ 
ticularly important here. For quinoline N-oxide, the situation is more 
complicated. With nitric acid/sulfuric acid at 0°C, the 5- and 8-isomers 
are the main products, with only a trace of the 4-isomer being obtained, 
whereas at higher temperature (60-l00°C), 4-substitution is dominant 
[50JPJ22; 68JCS(B)3I6]. Rate-acidity profiles showed that 5- and 8-sub¬ 
stitution involved the protonated species and 4-substitution involved the 
free base. The suggestion [see 68JCS(B)316] that free-base substitution 
would have the higher activation energy is erroneous. At higher tempera¬ 
ture, acidity function changes cause the solution to be less acidic [see, 
e.g., 69JA6654] and it is this, rather than the temperature per se, which 
brings about increased reaction via the free base. 

With acyl nitrates (e.g., benzoyl nitrate), quinoline N-oxide gives 40% 
3-substitution (together with some 6-substitution). A widely quoted [e.g., 
82HC(382)447] mechanism for this which is bimolecular in nitrating spe¬ 
cies (59CPB267) has been criticized [75JCS(P2)277]: Acyl nitrates, in ben- 
zenoid chemistry, are known to form adducts in which the nitronium ion 
attaches itself initially to the ring site of highest electron density (75M13), 
shown by the free base nitration to be the 4-position in quinoline N-oxide. 
These adducts then undergo 1,2-migration of the nitro group. For quin¬ 
oline N-oxide, an adduct such as 11.83 could form (aided by retention 
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of aromaticity), followed by 1,2-nitro group migration and benzoic acid 
elimination to give the 3-nitro derivative [75JCS(P2)277], An alternative 
explanation, favored by one of us, is addition of the benzoyl nitrate as 
PhCO; and NOt at the 4-position of the ring and at the N-oxide oxygen, 
followed by electrophilic nitration at the 3-position and the loss of benzoic 
acid. 

The nitrations of a wide range of substituted quinoline N-oxides under 
various conditions [82HC(382)447] show the usual pattern of substituent 
effects superimposed upon the pattern resulting from the use of nitric 
acid/sulfuric acid at low temperature (5,8-positions), weaker mixtures of 
these acids at high temperature (4-position), or acyl nitrates (3-position). 
Nitration of acridine A-oxide by nitric acid/sulfuric acid occurs in the 5- 
position (60JCS3367). 

B. Compounds Containing More Than 
One Nitrogen Atom 

Only ring carbonyl derivatives of naphthyridines have been nitrated. 
The products 11.84-11.87 were obtained in high yield (75%) from the cor¬ 
responding precursors (56JCS212; 60JCS1794; 72G253), with substitution 
occurring at the expected sites. 



( 11 . 84 ) ( 11 . 85 ) ( 11 . 86 ) ( 11 . 87 ) 


Nitration of phenanthrolines by nitric acid in oleum gives the yields 
shown in 11.88-11.91 (73RC2255). It is probable that the diprotonated 
species are involved, except for the 1,10-isomer (11.90), in which juxtapo¬ 
sition of positive charges is unfavorable and this may account for the 
higher yield here. The low yield from the 1,8-isomer (11.89) follows, be¬ 
cause each of the 5- and 6-positions is conjugated with one of the nitro¬ 
gens. Likewise, for the 1,7-isomer (11.88), the 5-position is conjugatively 
deactivated by both nitrogens. These conjugative deactivations are 
greater here than in, for example, quinoline, for reasons given in Section 
l.B, paragraph (5). Hence, substitution occurs in the 6-position. 
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7 (28*) (6.5%) 

( 11 . 88 ) ( 11 . 89 ) ( 11 . 90 ) 



( 11 . 91 ) 


With acetyl nitrate, the 1,10- (11.90) and 4,7-phenanthrolines (11.91) 
gave the 3- and 2-nitro products, respectively; this was attributed to an 
addition-elimination mechanism (73RC2255), though it is possible here 
that direct nitration occurs on the free base. Nitration of 3,4-dihydro-4- 
methyl-3-oxo-4,7-phenanthroline (11.92) occurs in the 2-position (58- 
JCS825). This is the site that can conjugate with the nitrogen lone pair 
and substitution there involves the least interruption of benzenoid charac¬ 
ter in the transition state. 

Quinazoline (11.16) nitrates in the 6-position, and because theoretical 
calculations predict 8- > 6-substitution (the 5- and 7-positions are each 
conjugatively deactivated by both nitrogens), it has been assumed that 
reaction must involve the hydrated quinazolinium cation (11.93) 
(47JOC405; 49JCS1367). However, these calculations may not take suffi¬ 
cient account of inductive deactivation of the 8-position; the deficiency of 
the calculations in this respect will be particularly marked if no auxiliary 
inductive parameter is used for the bridgehead carbon between the 1- and 
8-positions. 



( 11 . 92 ) ( 11 . 93 ) ( 11 . 94 ) 


Quinoxaline (11.15) is nitrated by nitric acid in oleum to give the 5-nitro 
(1.5%) and 5,6-dinitro (24%) products (57JCS2518; 59JA6297). Mesom- 
eric donor ( + M ) activating groups in the 6-position direct nitration into 
the 5-position (58CPB566; 59JA6297). In the 5-position, +M groups di- 
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rect into the 6- and 8-positions as expected, producing only the dinitro 
products (55NKZ311). Because the high 5,6-bond order results in the re¬ 
activity of the 6-position being raised to that of the 8-position, no mononi¬ 
tration occurs. With fuming nitric acid and sulfuric acid at 20°C, alloxaz- 
ine (11.94) gives the 6- and 8-nitro derivatives in a ratio of 2: 3. More 
severe conditions led to dinitration (69JGU1599). 2,3-Dihydroquinoxaline 
and its 1,4-dimethyl derivative are nitrated in the 6-position and then dini¬ 
trated in high yield in the 6,7-positions (62JCS1170). Quinoxalin-2-one is 
nitrated at the 7-position in acetic acid, and in the 6-position (58CPB566) 
in sulfuric acid (57JCS2518), suggesting that the free base and cation, re¬ 
spectively, are involved under these conditions. 

Rate-acidity profile studies showed cinnoline (11.17) to undergo nitra¬ 
tion as the conjugate acid (protonated at N-2). Cinnoline and its 2-methyl 
cation are nitrated at similar rates, and gave roughly equal amounts of the 
5- and 8-nitro isomers [68JCS(B)312]. Comparison with the 2-isoquinoli- 
nium cation indicates that unprotonated nitrogen of cinnolinium deacti¬ 
vates by ~2 x 10 2 -fold, affecting the 5-position more than the 8-position, 
as expected. Values of 10 4 k 2 at 80°C in 81.2 wt% sulfuric acid were cin¬ 
nolinium, 3.21; 2-methylcinnolinium, 7.35; quinolinium, 141; 1-methyl- 
quinolinium, 45.7; isoquinolinium, 933; and 2-methylisoquinolinium, 
1514. N-Methylation of quinoline produces a 3.1-fold rate decrease, 
whereas N-methylation of isoquinoline produces a 1.7-fold rate increase. 
It is notable that the effect in cinnoline (2.2-fold increase) is almost ex¬ 
actly the product of these individual effects. For 4-hydroxycinnolinium, 
the positional partial rate factors are as shown in 11.95 [71JCS(B)1493]; 
conjugative activation of the 3-, 6-, and 8-positions is evident. 

Benzo[c]cinnoline (11.20) is nitrated at the I- and 4-positions in a ratio 
of 4: 1 (56 and 15% yields) as predicted by calculations (48M11; 
49JCS971; 54JA5807; 57JCS2521; 62JCS2454, 62JCS4384, 62JCS4860). 
The rate difference arises because 11.96 is benzenoid and 11.97 is not. 
The 1,10-, 2,9-, and 3,8-dimethyl derivatives are nitrated at the 4-, 1-, and 
4-positions, respectively [53LA(581)117; 62JCS4860], which follows from 
the expected combination of substituent and bond-order effects. 1-Nitro- 
benzo[c]cinnoline is nitrated at the 10-position, but the 4-nitro isomer will 
not undergo dinitration (62JCS4384). 



3.47 x 10~ 8 


(11.95) 



(11.96) (11.97) 
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TABLE 11.4 

Variation in Isomer Distribution with Acidity in Nitration 
OF ClNNOUNE" 


Nitro compound (%) 


Wt%H,S0 4 5- 6- 8- Total yield (%) 


64.4 8.3 48.1 43.6 70.5 

70.05 10.7 45.5 43.9 79.5 

81.4 17.4 20.2 62.4 85.9 

90.0 22.4 4.7 72.9 79.7 


Nitration of some of the corresponding N-oxides have been studied. 
With nitric acid/sulfuric acid, cinnoline I-oxide gave 90% 4-substitution 
and 2% 5-substitution (63CPB268; 64CPBI090); the 4- and 5-positions are 
both conjugated with the oxygen. Cinnoline 2-oxide gave by contrast 
an unusual mixture of 5-, 6-, and 8-nitro derivatives (64CPB1090; 
66CPB816); a detailed kinetic study showed that both free base and cation 
are being nitrated under the same conditions [68JCS(B)316]. The varia¬ 
tion in isomer distribution with acidity (Table 11.4) indicated that nitra¬ 
tion as the free base gave the 6-isomer whereas nitration as the cation 
gave the 5- and 8-isomers. 

Although nitration of quinoxaline N-oxide fails, that of phenazine N- 
oxide is very easy, which again demonstrates the high reactivity of an- 
thracene-like systems. At 0°C, nitric acid/sulfuric acid gives the 1- and 3- 
isomers; under more drastic conditions the 1,7- and 3,7-dinitro isomers 
are produced (Scheme 11.2) (54CPB283; 58CPB77); these nitrations are 
believed to involve the cation formed by protonation at the 10-nitrogen 
[67AG(E)608], 



Scheme 11.2. Isomer distribution in nitration of phenazine N- oxide. 
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Orientation in the nitration of the 5-oxide of benzo[c]cinnoline (11.20) 
depends upon conditions. With nitric acid alone it gives 69% of the 9- 
nitro 5-oxide and 13.5% of the 2-nitro 5,6-dioxide (62JCS2454). But with 
nitric acid/sulfuric acid, the products appear to be the 1- and 7-nitro 5- 
oxides in 43 and 26% yields, respectively. One group gives the yields as 
43 and 26%, respectively (62JCS2454), whereas another finds the latter to 
be the major product (62JCS4384). 2,9-Dimethylbenzo[c]cinnoline 5-ox¬ 
ide and the 3,8-dimethyl isomer are nitrated at the 1- and 4-positions, 
respectively, as expected (62JCS4384). 


C. Xanthylium Salts 

Nitration of 9-phenylxanthylium perchlorate (11.98, X = O) and the 
sulfur and selenium analogues (11.98, X = S, Se) by nitric acid/sulfuric 
acid has shown a rather unusual isomer distribution (73CPB1272; 
74CPB21, 74CPB27). For X = O, mononitration in the phenyl ring was 
observed, the ratio of meta to para products being 4.5 : 1. However, for 
X = S or Se, the ratios become only 1.25 and 1.5, respectively. Dinitra¬ 
tion of the selenium compound occurred in the presence of excess nitric 
acid, the second nitro group entering the 4-position. The relative reactiv¬ 
ity order for different heteroatoms X was deduced as S > Se > O. 



D. Boraza Compounds 

Nitration of 3,4-dimethyl-4,3-borazoisoquinoline (11.99) by A/-nitropi- 
colinium tetrafluoroborate in acetonitrile goes 82% into the 1-position 
(75ACS457). This orientation arises because the other main canonical 
form for 11.99 has a lone pair on nitrogen (N-3) and this is readily delocal¬ 
ized to the 1-position. The corresponding lone pair on nitrogen in the 
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other canonical form of 10-methyl-10,9-borazophenanthrene (11.100) is 
likewise readily delocalized to the 6- and 8-positions, which causes very 
large partial rate factors of 937,000 and 2,060,000, respectively for its ni¬ 
tration by nitric acid/acetic anhydride (68JA1924). 



(11.99) (11.100) 


E. Summary of Kinetic Data 

Standard log nitration rates, determined by the method given in Chap¬ 
ter 2, are shown in Table 11.5 [75JCS(P2) 1600]. 


TABLE 11.5 

Standard Loo Nitration Rate Coefficients for Cations 


Compound 

T(°C) 

Positions 

- H 0 range 

4log *,(stoich)]/d(-/r„) 

- log k" 

Quinoline 

25 

5 

7.1-8.7 

2.19 

6.28 



8 



6.36 

4-Quinolone 

25 

6 

7.6-8.4 

2.45 

4.69 



8 



5.32 

l-Me-4-quinolone 

25 

3 

7.1-8.4 

2.28 

5.67 



6 



4.88 

4-OMe-quinoline 

25 

6 

7.7-8.3 

2.50 

5.10 



8 



5.51 

Isoquinoline 

80 

5 

4.7-5.4 

1.88 

5.46 



8 



5.46 

2-Me-isoquinolinium 

80 

5 

4.3-5.5 

1.94 

5.23 



8 



5.23 

2-OH-isoquinolinium 

25 

5 

6.9-8.0 

2.19 

5.53 



8 



6.58 

2-OMe-isoquinolinium 

25 

5 

6.9-8.0 

2.22 

6.08 



8 



7.13 

Cinnoline 

80 

5 

5.9-6.8 

2.17 

7.66 



8 



7.63 

2-Me-cinnolinium 

80 

5 

6.0-6.5 

2.26 

7.28 



8 



7.28 

4-Cinnolone 

25 

6 

7.7-8.4 

2.07 

6.91 



8 



7.07 

Cinnoline 2-oxide 

80 

5 

5.1-6.6 

1.35 

7.55 



8 



6.98 
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5. Halogenation 

A. Compounds Containing One Nitrogen Atom 

Consideration of the halogenation of quinoline and isoquinoline is com¬ 
plicated by uncertainties relating to the mechanisms of reaction of the 
free base; this applies particularly to quinoline. 

Under conditions in which nitrogen acquires a positive charge, quin¬ 
oline gives mainly 5- and 8-substitution and isoquinoline gives 5-substitu¬ 
tion. For example, in bromination of quinoline in H : S0 4 /AgS0 4 , the 
yields were 28% of 5-bromo- and 29% of 8-bromoquinoline, together with 
43% of 5,8-dibromoquinoline (60JCS56I); under the same conditions iso¬ 
quinoline gives mainly the 5-bromo derivative [59MIK199)]. Chlorination 
and iodination (in H 2 S0 4 /AgS0 4 ) of quinoline also gives 5- and 8-substitu- 
tion [63CI(L)1840; 64CI(L)1753], The quinoline-aluminum chloride com¬ 
plex (e.g., 11.101) also undergoes bromination to give the 5-bromo deriva¬ 
tive in 46% yield, together with the 5,6- (3%) and 5,8-dibromo derivative 
(8%). The yield of the dibromo compound is markedly increased in the 
presence of excess bromine (64JOC329). The corresponding isoquino¬ 
line-aluminum chloride complex is brominated in the 5-position (76%); 
reaction with two equivalents of bromine gives 55% of the 5,8-dibromo- 
isoquinoline, and with three equivalents a mixture of 5,7,8- and 5,6-8- 
tribromoisoquinoline (overall the results indicate that the 6-position is 
more reactive than the 7-position in quinoline, the reverse being true in 
isoquinoline; see also Section 7) (64JOC329). 

Under neutral conditions, the positional reactivity order for the haloge¬ 
nation of quinoline appears to be 3 > 6 > 8, whereas isoquinoline gives 
mainly 4-substitution. For isoquinoline, the fact that reaction occurs on 
the free base is adequate explanation for the change in orientation, since, 
contrary to common belief, the 4-position is shown by calculations and 
gas-phase studies of reactivity to be the most reactive in the neutral iso¬ 
quinolines (see Section ll.G.); indeed, more reactive than benzene. 

For quinoline, reaction on the neutral species would require that 5- and 
8-substitution would be sterically hindered, since ct + values (Section 7) 
predict the order 5 > 8 = 6 > 3. However, it seems improbable that steric 
hindrance is that severe and, moreover, the order for the unhindered 3- 
and 6-positions is the wrong way around. An alternative explanation is 
that bromination occurs on an intermediate addition product. This takes 
account of the fact that the 3-, 6-, and 8-positions may all conjugate with 
a lone pair on nitrogen. The order 3 > 6 > 8 would then precisely follow 
from such conjugation, since resonance to the 6- and 8-positions requires 
interruption of the benzenoid conjugation, and resonance is always re- 
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layed better to para (8) than to the ortho (6) positions. Support for such 
a mechanism was provided in A-cyanoquinolinium ion, which undergoes 
bromination under reaction conditions in which the pseudo-base ( 11 . 102 ) 
is formed; a tetrahydroquinoline intermediate was formed, which under¬ 
went elimination in acidic media to give 3-bromoquinoline in 58% yield 
(62JCS291). 



A1C1" CN 


( 11 . 101 ) ( 11 . 102 ) 

Quinoline and bromine react readily below 100°C to give a C 9 H 7 NBr 2 
complex, which in the presence of pyridine as base gives >80% of 3- 
bromoquinoline together with 2% of 3,6-dibromoquinoline [59CI(L) 1449]. 
Likewise, 6- and 8-bromoquinolines give the 3,6-dibromo derivatives in 
62 and 70% yield, respectively (62JOC1318). 6-Nitroquinoline with bro¬ 
mine/pyridine in carbon tetrachloride gives 70% of the 3-bromo derivative 
[66LA(699)98], The orientation under these conditions has been ex¬ 
plained in terms of attack on quinoline by the quinoline-bromine complex 
acting as electrophile [59CI(L)1449], but it is difficult to satisfactorily ac¬ 
count for the observed orientation in these terms, and in any event the 
electrophile would more likely be the pyridine-bromine complex. 

Bromination with bromine in thionyl chloride or sulfur monochloride 
and pyridine also gave 3-bromoquinoline (65%) and 4-bromoisoquinoline 
from the parent heterocycles (60JA4430). 

The difficulties in interpreting these results are compounded by the fact 
that the hydrochlorides with bromine in nitrobenzene give 81% of 3-bro- 
moquinoline and 76% of 4-bromoisoquinoline (73JHC409). The mecha¬ 
nism proposed here involved formation (by a mechanism not entirely 
clear but presumably involving the equilibrium concentration of free 
base) of a 1,2-dibromo complex, which then underwent bromination at 
the 3-position (i.e., a second molecule of the electrophile is needed). 
Again this mechanism is not necessary to account for 4-bromination of 
isoquinoline, since the latter would result from direct substitution of the 
much more reactive free base in equilibrium with the hydrochloride. 

Chlorination of quinoline at 160-190°C without solvent gave polysubsti¬ 
tution with proportions of products implying the reactivity order 3, 4 > 
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6, 8 > 7; substitution probably also occurs at other sites since there were 
unidentified products (70JOC171). In view of the occurrence of 4-substitu- 
tion it is not clear if electrophilic or radical substitution is involved. 

Chlorination and bromination of 8-methoxyquinoline with N-halosuc- 
cinimides occurred, as expected, in the 5-position, but iodination took 
place in the 7-position (also strongly activated by the methoxy group). 8- 
Hydroxyquinoline behaved similarly; the preference for 7-iodination may 
suggest steric hindrance at the pen-position. However, under basic condi¬ 
tions, 8-hydroxyquinoline (but not the 8-methoxy analogue) underwent 
halogenation (as the anion) giving 7-chlorination and 7-bromination, but 
5-iodination (72JOC4078). Halogenation of 3-hydroxyquinoline goes 76% 
into the 4-position, strongly activated because of the high 3,4-bond order; 
likewise, 4-hydroxyisoquinoline is halogenated in the 3-position (71- 
BAU395,400). 

Quinoline N-oxide with bromine and water gave a small yield (3-4%) 
of the expected 4-bromo derivative (47JPJ87). However, with bromine 
and chloroform in acetic anhydride, a 60% yield of the 3,6-dibromo deriv¬ 
ative was obtained (6ICPB4I4), a result which rather parallels the nitra¬ 
tion by acyl nitrates. It is possible that in bromination, formation of an 
adduct (corresponding to 11.83) followed by 1,2-rearrangement is in¬ 
volved, rather than the adducts originally proposed (61CPB414). Bromi¬ 
nation of quinoline N-oxide by bromine-thallium triacetate in acetic acid 
at 50°C gave 4-bromoquinoline N-oxide (60%); the 2-methyl, 3-bromo, 
and 2-cyano N-oxides gave 63, 95, and 22% yields, respectively, of the 
corresponding 4-bromo compounds (79H475). 

Reports of bromination of phenanthridine (11.14) are contradictory, 
claiming (1) a 40% yield of 2-bromophenanthridine (55JA6379) and (2) a 
positional reactivity order of 10 > 4 > 2, the isomer yields being 6, 4, and 
0.7%, respectively, with ~1% of dibromo products (69AJC1105). These 
reports both contrast with nitration, in which positional order is 1 > 10 
> 8 > 3. 

In acetic acid, acridine is brominated to give the 3-bromo and 3,7-di- 
bromo derivatives in —75% yield (54JCS4142). This finding again con¬ 
trasts with nitration (11.81). Chlorination with SOCl 2 goes into the 9-posi¬ 
tion, presumably because of the lower steric hindrance compared to 
bromination (83PHA83). Bromination of acridine N-oxide goes, as does 
nitration, into the 10-position (45%) (60JCS3367). 

Quinolizin-4-one is brominated at the 3- and then at the 1-position, thus 
following the pattern for nitration (cf. 11.74) (65T945); the 1- and 3-posi¬ 
tions are conjugated with the lone pair on nitrogen. 1-Hydroxyquinolozi- 
nium (11.73) is brominated in the 2-position in 80% yield (63JCS2203), and 
3-hydroxyquinolizinium in the 4-position (65JOC526); these orientations 
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arise from strong activation across bonds of high order. Likewise, 2- 
hydroxyquinolizinium is brominated at the 1-position in 67% yield 
(64JCS2760). 3-Alkyl-l-aminoquinolizinium salts undergo bromination in 
the expected 2- and 4-positions [68JCS(C)1088], 

B. Compounds Containing More Than 
One Nitrogen Atom 

Bromination of 1,5-naphthyridine in fuming sulfuric acid gives up to 
15% of the 3-bromo derivative, depending upon time and temperature, 
together with rather less of the 3,7-dibromo derivative (63RC1589). Simi¬ 
lar results were obtained on bromination of various naphthyridines with 
bromine in CC1 4 in the presence of pyridine: The results are shown in 
11.103-11.106. The corresponding yields of dibromo products were 10, 



(11.103) (11.104) (11.105) (11.106) 


11,2, and 0.5%. The low yields for 1,8-naphthyridine may stem from its 
complexing properties (68JOC1384). A modification of this (Eisch) proce¬ 
dure dispenses with pyridine and uses nitrobenzene as a solvent, resulting 
in higher yields (11.107 and 11.108) (76JHC961). The yields are markedly 
dependent upon whether the hydrobromide or the hydrochloride is used. 
This was true also for dibromination, which gave yields of 46% (X = Br) 
or 6.5% (X = Cl) for 1,7-naphthyridine (and 30% for 1,8-naphthyridine). 
Both l,5-naphthyridin-2-one and -4-one are brominated at the expected 
3-position (56JCS2I2), as was 1,6-naphthyridin-4-one (65JHC393). 


8(31)% 



(11.107 , X = Br, (Cl)) 


(11.108) 
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Bromination of 4-(3//)-quinazoline (11.109, R = H), its 3-methyl deriv¬ 
ative (11.109, R = Me), and 1,4-dihydro-1,3-dimethyl-4-oxoquinazoli- 
nium perchlorate (11.110) occurred in each case at the 6-position, no 8- 
substitution being observed (though the 6-bromo compounds were slowly 
converted into the 6,8-dibromo derivatives). At pH <2, all three com¬ 
pounds exist predominantly as cations: at pH 0.29 the relative rates for 
the Me,, Me, and H derivatives were 4.68 : 1.54 : 1. The mechanisms are 
thought to involve attack of bromine on covalent hydrates (76JOC838). 


o o H 



Me 


(11.109, R = H, Me) (11.110) (11.111) 

Quinoxaline-2,3-dione and its 1,4-dimethyl analogue are brominated by 
bromine/sulfuric acid/silver sulfate to give the 6,7-dibromo derivatives, 
paralleling the result for nitration (62JCS1170). Chlorination of 2-quinoxa- 
linone (11.111) in acetic acid goes in high yield (95%) in what was stated 
to be the 7-position (63MI2). However, this should surely be the 6-posi¬ 
tion, since (1) the NH group conjugatively activates the 6- and 8-posi- 
tions; (2) the C=0 group conjugatively deactivates the 5- and 7-positions; 
(3) the =N— atom cannot conjugatively deactivate any of these; this lat¬ 
ter factor also accounts for the high yield: (4) the melting point and rate 
coefficient for methoxydechlorination of the product differed significantly 
from the values determined for an authentic sample of the 7-chloro 
compound. 

Bromination occurs in the 5- and 6-positions for 1,7- 1,8- 1,10- and 4,7- 
phenanthrolines (74RC2145). However, with Br 2 /SOCl 2 , 1,10-phenan- 
throline gave initially the 3- and 5-monobromo derivatives and eventually 
3,5,6,8-tetrabromo-l,10-phenanthroline (78JPR172). 

Bromination with bromine/sulfuric acid/silver sulfate of benzo[c]cinno- 
line gives the 1- and 4-monobromo derivatives in a ratio of 2.3: 1 
[79JCS(P 1) 1503], contradicting an earlier report [67JCS(C)1638] in which 
the 4-isomer was said to dominate. The lower orientation compared with 
that in nitration has been attributed to steric hindrance to bromination at 
the 1-position [79AHC(24)151]. 
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Bromination of l,3,6-triazacycl[3,3,3]azine (11.112, R = X = H) oc¬ 
curs at the 4-position and then at the 7- and 9-positions. Calculations pre¬ 
dict this (73ACS242I) but the reason can be easily seen by comparison of 
the transition states for 4- and 7-substitution (11.113 and 11.114). Aroma¬ 
ticity is created in both transition states, so reaction should be rapid. 
However, the triazanaphthalene lOiT-ring in 11.113 is more stable than 
the tetrazanaphthalene lOir-ring in 11.114. Bromination of the 4-cyano-3- 
methyl-substituted cyclazine occurs at the 7- and 9-positions (72ACS624), 
and of 9-ethoxycarbonyI-2-methyl-1,3,4,7-tetrazacycI[3,3,3]azine (11.115] 
at the 6-position (73ACS2421). 



C. Boraza Compounds 


Bromination of 4-methyl-4,3-borazaisoquinoline (11.116) is now be¬ 
lieved (66ACS1448) to occur at the 1-position and not at the 8-position, 
as previously reported (66JA358). The 1-, 6-, and 8-sites are conjugated 
with the N-3-nitrogen lone pair, but delocalization into the 6- and 8-posi¬ 
tions involves loss of benzenoid structure. The conjugative activation of 
the 1-position evidently outweighs strong conjugative and inductive deac¬ 
tivation of the 1-position by the 2-nitrogen. 



( 11 . 116 ) 
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6. Other Electrophilic Substitutions 

A. Mercuriation 

Quinoline and isoquinoline are mercuriated in the 3- and 4-positions, 
respectively (31JPJ542). The latter orientation arises because the 4-posi¬ 
tion is the most reactive for isoquinoline free base (Section 7). For quin¬ 
oline, the situation is less clear, but, as in all other reactions of the free 
base, 3-substitution occurs. While this may involve adduct formation, it 
is nevertheless surprising that a variety of reagents that might be expected 
to have different tendencies toward adduct formation all give 3- 
substitution. 

Chloromercuriation of quinoline N-oxide takes place at the 8-position 
(53YZ823); this also applies to acetoxymercuriation (81% yield); minor 
amounts of 3-, 5-, 6-, and 7-substitution also occur. Coordination between 
mercury and oxygen is the most probable cause of 8-substitution 
(58RTC340; 62RTC124; 69CPB906). 

B. SULFONATION 

Quinoline is sulfonated by sulfuric acid at the 5-, 6-, 7-, and 8-positions; 
the cation is obviously involved. The isomer yields are temperature de¬ 
pendent (1888JPR258), as they are for naphthalene. At 100°C, the 8-iso- 
mer predominates [1870LA( 155)311; 1882CB683], and a 60% yield can be 
obtained with 20% oleum at 150°C (61USP2950283). The amount of 5- 
isomer increases with increasing temperature (1882CB1979; 1887CB731) 
and the yield can be increased by using a mercury catalyst (54USP- 
2689850). 

With 20% oleum at 200°C, 3-hydroxyquinoline and 4-hydroxyisoquino- 
line undergo sulfonation in the 5- and 8-positions in 61 and 57% yield, 
respectively (72BAU406). These results contrast with the behavior of 
these molecules in nitration (Section 4.A), halogenation (Section 5.A), 
and diazonium coupling (Section 6.C), and demonstrate the usual high 
steric hindrance to sulfonation. However, under basic conditions, the 
very powerful activation by O - is sufficient to produce the normal 4- and 
3-substitution, respectively, in yields of 80 and 60% (72BAU404). 

Sulfonation of acridizinium ion (11.11) occurs at the 10-position in 82% 
yield (66JOC565). Phenanthridin-6-one sulfonates exclusively at the 2-po- 
sition at 150°C (57JA5479), steric hindrance presumably preventing 4- 
substitution. 

Quinoxaline-2,3-dione is sulfonated in the 6-position (66BRP1043042), 
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a 6-methyl substituent directs into the 7-position, and a 5-methyl into the 
6- and 7-positions (64JAP26975). 1,10-Phenanthroline is sulfonated 
mainly at the 5- and then at the 3-position (61AC867). Phenazine (11.19) 
sulfonates at the 2-position under severe conditions (50G651). Coumarin 
(11.46) sulfonates in the 3- and 6-positions, and if these are blocked in 
derivatives, sulfonation takes place at the 8-position (23CB480; 28JIC433; 
57JIC35,45, 57JOC884); 2-methylchromones sulfonate in the 6- and 8-po¬ 
sitions (56JOC1104). 

C. Miscellaneous Electrophilic Substitutions 

Quinoline is hydroxylated by electrophilic hydroxyl at the 3-position in 
6% yield [54JBC(208)741]. Methylation by methanol/alumina at 450°C 
gives 41% of 3-methylquinoline (61BRP845562); once again under neutral 
conditions 3-substitution dominates. Moreover it is hard to believe that 
either of these results is due to adduct formation. 

Diazonium coupling of 3-hydroxyquinoline and 4-hydroxyisoquinoline 
occur at the expected 4- and 3-positions, respectively (72BAU452). For- 
mylation of b-methoxy^-methylbenzold.cjcinnolines (11.117) takes place 
at the 7- and 9-positions (3.3 and 33%, respectively) for R = H. However, 
for R = Me, no 9-formylation occurs, the yield of 7-formylation is in¬ 
creased to 30%, and 5.5% of N-formylation occurs (81JOU2183). The dif¬ 
ference between these results appears to reflect a steric effect. 



(11.117) 

7. Side-Chain Reactions: Pyrolysis of 1-Arylethyl Acetates 

The pyrolysis of 1-arylethyl acetates has led to the quantitative deter¬ 
mination of the electrophilic reactivity of all positions of the quinoline 
and isoquinoline free bases [71JCS(B)2382; 75JCS(P2) 1783)]. The results 
have demonstrated a number of major points concerning the transmission 
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of electronic effects in naphthalene-like systems; a summary of the con¬ 
clusions is given here. The results are shown in terms of a + values in 
Scheme 11.3, along with the corresponding values for pyridine and naph¬ 
thalene obtained under the same conditions; no extrapolations or assump¬ 
tions are used or necessary in this work. The results show the following 
points. 

(1) The positional reactivity order in quinoline is5>6 = 8>3>7 
» 2 > 4. 

(2) The positional reactivity order in isoquinoline is4>5 = 7>8> 
6 » 3 > 1. 

(3) The 5-position in quinoline and the 4-position in isoquinoline are 
both more reactive than a position in benzene. All other positions are less 
reactive than a position in benzene. 

(4) All positions are more reactive than the corresponding position in 
pyridine. 

(5) All positions are less reactive than the corresponding position in 
naphthalene. 

(6) The least reactive sites in each molecule are, as expected, those 
conjugated with nitrogen. The sites conjugated with nitrogen in the benze- 
noid ring of isoquinoline are significantly less reactive than the sites con¬ 
jugated with nitrogen in the benzenoid ring of quinoline. This arises be¬ 
cause the substituent interaction factors A t [81JCS(P2)1153] are larger in 
the former case (i.e., the values for 11.118-11.121 are 10.9, 7.3, 7.3, and 
3.6, respectively). This result is exactly paralleled by the effects of the 
chloro substituent in protiodetritiation of naphthalene [68JCS(B)1112] 
(Scheme 11.4). Here the -I- M effect of the halogen is better relayed from 
the 2-position than from the 1-position. Thus, overall deactivation is less 
in the former case, and there is almost an exact parallel between the dif¬ 
ferential effects between the 5- and 7-position on the one hand, and the 
6- and 8-positions on the other, in the two systems. The relative effects 
of the methyl substituent in detritiation of naphthalene also parallel 
closely the effects of the nitrogens in quinoline and isoquinoline and 
clearly the same factors govern the transmission of the electronic effects 
[75JCS(P2)1783]. 



Scheme 11.3. Values of <r' determined from pyrolysis of l-arylethyl acetates at 625 K. 
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(11.118) (11.119) (11.120) (11.121) 


(7) In the pyridinoid ring of quinoline the conjugated positions are less 
reactive than predicted on the basis of additivity of the effects of the 
=N— substituent in pyridine, superimposed upon the reactivity of naph¬ 
thalene. Additivity predicts that the cr + values should be 0.645 (4-posi- 
tion) and 0.605 (2-position). Thus nitrogen deactivates more in quinoline 
than it does in pyridine, which follows because conjugation between the 
1,4- or 1,2-position in quinoline does not involve such a large loss of aro¬ 
maticity as is the case in pyridine. Again the results for the chloro substit¬ 
uent in hydrogen exchange show an exact parallel. The +M effect should 
operate better in naphthalene than in benzene and thus the observed val¬ 
ues of f° and/p 1 for benzene are 0.035 and 0.161 (61JCS2388), smaller than 
the corresponding values for 1-chloronaphthalene shown in Scheme 11.4. 

Comparison of the reactivity of the 1- and 3-positions in isoquinoline 
with those of the corresponding position in naphthalene shows that nitro¬ 
gen deactivates much less strongly across the 2,3-bond than across the 

I, 2-bond (cT|t iQ - a, + . nap = 0.72; cr j. iQ - oT. nap = 0.585). This is because 
the order of the 2,3-bond is much lower than that of the 1,2-bond, so 
conjugative effects in particular are much less effectively relayed across 
the 2,3-bond. This again is exactly parallel to the effect of the chloro sub¬ 
stituent in hydrogen exchange (protiodetritiation) of naphthalene (Scheme 

II. 4), in which the poorer transmission of the +M effect of chlorine 
across the 2,3-bond compared to the 1,2-bond causes a 4-fold greater de¬ 
activation across the former. Likewise, in the hydrogen exchange of 
naphthalene, methyl at position 2 activates the 1- and 3-positions 300 and 



Scheme 11.4. Deactivating effects (rates relative to (he corresponding position in naph¬ 
thalene) of chloro substituents in acid-catalyzed hydrogen exchange. 
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0.28 0.19 


0.24 



0.24 



0.275 


0.255 


Scheme 11.5. Net deactivation at the nonconjugated positions of quinoline and isoquino¬ 
line relative to naphthalene, in terms of a* values. 


3.6 times, respectively, the corresponding values for the effect of me- 
thoxy being 2.2 x 10 4 and 35.9 [75JCS(P2)1783J. 

(8) Positions not conjugated with nitrogen have (with the exception of 
the 4-position in isoquinoline) an almost identical reactivity in each mole¬ 
cule (cr + = 0.07). However, to analyze the effect of nitrogen upon each 
position more precisely, the reactivity relative to the corresponding posi¬ 
tion in naphthalene needs to be considered, and the net deactivations are 
shown in Scheme 11.5. Again there is a remarkable parallel with the ef¬ 
fects of the chloro substituent at nonconjugated positions in hydrogen 
exhange of naphthalene (Scheme 11.6). Positions that are most deacti¬ 
vated by nitrogen, and show the greatest (secondary) relay of the -M 
effect, are the least deactivated by the chloro substituent, because the 
relay of the +M effect of chlorine is correspondingly greatest. The paral¬ 
lel is exact except that the reactivity of the 3- and 6-positions in quinoline 
(or the corresponding positions in 1-chloronaphthalene) should be margin¬ 
ally reversed. 

The important conclusion is that the hydrogen exchange results confirm 
that there is very poor secondary relay of conjugative effects between the 
4-position in isoquinoline and the nitrogen at position 2. As a result, the 
4-position is the most reactive site in isoquinoline. Thus, contrary to ex¬ 
pectations, the most reactive site is in the ring containing the nitrogen. 
This has long been predicted by calculations (Section 8), but in general 


0.032 0.0023 



Cl 


Scheme 11.6. Deactivating effects (rates relative to the corresponding position in naph¬ 
thalene) of chloro substituents in acid-catalyzed hydrogen exchange. 
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workers have been convinced that this could not possibly be true, and 
alternative and complex mechanisms have been sought to explain the 
generally observed 4-substitution in isoquinoline free base. The reason 
for the high reactivity of the 4-position has been attributed to the high 
energy of structures 11.122 and (especially) 11.123. Since it is difficult to 
place a positive charge at either of the positions indicated, the deactiva¬ 
tion of the 4-position by secondary relay will be correspondingly difficult 
[75JCS(P2)I783], 



(11.122) (11.123) 


(9) The values of 2 <x + for quinoline and isoquinoline are 1.73 and 1.60, 
respectively. Overall, therefore, isoquinoline should be more reactive 
than quinoline and this follows from nitrogen occupying the more reactive 
a-naphthalene-like position in quinoline. Regarding the individual rings, 
the benzenoid ring is the most reactive in quinoline, and the pyridinoid 
ring is the most reactive in isoquinoline. Thus, the difference in reactivity 
of the benzenoid and pyridinoid rings is greater in quinoline than in iso¬ 
quinoline. This explains, for example, why the benzenoid ring always 
opens in oxidation of quinoline, whereas both rings may be opened in 
isoquinoline; the ease of oxidation depends upon electron availability 
within a given ring. 

(10) The cr + values show that the position in quinoline should be be¬ 
tween ~ 10 and 2 x 10 6 times less reactive than naphthalene toward nitra¬ 
tion. The observed value is ~10'°, confirming that, under these condi¬ 
tions, nitration takes place on the conjugate acid and not on the free base 
[71JCS(B)2382]. Likewise, the partial rate factors for nitration of the 5- 
and 8-positions in isoquinoline require a + values of 0.77 and 0.92, con¬ 
firming that reaction takes place on the conjugate acid [75JCS(P2) 1783]. 


8. Theoretical Calculations of Reactivity 

A. Summary of General Methods 

A very large number of papers describe theoretical calculations of the 
electrophilic reactivities of nitrogen-containing heterocycles. Most have 
used the Huckel method to calculate it densities and, in some cases, local- 
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ization energies. A few have used more sophisticated methods [e.g., 
CNDO/2 (74MI2), SCF (68BSB181, 68BSB191), and MINDO/2 
[73JCS(P2)179]]. In some cases, frontier electron densities have been 
used as indexes of reactivity (e.g., 54BCJ423). None of these methods 
appears to have produced results significantly more meaningful than the 
Hiickel method. 

The main problem is that no method is yet able to take the structure of 
the transition state (and its solvation) into account. This is particularly 
important for polycyclic molecules, since the extent of conjugative inter¬ 
action will vary quite markedly with the nature of the reaction, it Densi¬ 
ties give the reactivity order appropriate to a reaction, with a transition 
state close to the ground state, whereas localization energies give the or¬ 
der appropriate for a transition state near to the Wheland intermediate. 
For a given heterocycle the positional orders produced by these two 
methods may differ considerably. An additional problem is that only for 
quinoline and isoquinoline have the positional orders been quantitatively 
and completely determined. Therefore, the theoretical predictions are 
considered (below) in some detail only for these molecules. For all other 
molecules. Table 11.6 gives the references for various calculations, and 
the results here can be summarized generally by the fact that positions 
conjugated with nitrogen are found, not surprisingly perhaps, to have a 
lower it density than those which are not [indeed it has been shown that 
it densities are a direct measure of the extent of conjugative interactions 
[75JCS(P2) 1783]]. 

The precise values of the it densities will vary according to the values 
chosen for the coulomb and resonance integrals; however, there seems 
to be general agreement that a N = a c + 0.50, and that (3 CN = (3 CC (i.e., 
h = 0.5, k = 1.0). For more meaningful results an auxiliary inductive 
parameter (/?') for carbon adjacent to nitrogen is necessary. 

Some tt densities for a representative set of azaphenanthrenes and 
which demonstrate some of the general points are shown in Scheme 11.7; 
these were calculated with an extended set of auxiliary inductive parame¬ 
ters of 0.17, 0.055, and 0.002 for carbons a, p, and y to nitrogen (62T507). 
The following main features are evident. 

(1) With but two exceptions (see 4, below) positions conjugated with 
nitrogen (indicated in Scheme 11.7) have lower charge densities than ad¬ 
jacent positions. 

(2) The differences between the densities at the 1- and 3-positions in 2- 
azaphenanthrene and between the densities of the 2- and 4-positions in 
3-azaphenanthrene show the effect of bond fixation (the lowest energy 
canonicals are shown in Scheme 11.7). The greater effectiveness of the 
-M effect across the higher order bonds results in a lower tt density. 

(3) tt Densities in the rings most remote from the nitrogen are relatively 
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TABLE 11.6 

Molecules for Which Molecular Orbital Calculations Have Been Made" 


Heterocycle 

References 

Quinoline 

52JCP1554; 53JCS2406; 54BCJ423; 57JCS252I; 
62T507; 65CCC355; 68BSB18I; 71JCS(B)2382: 

73JCS(P2) 179; 74CHE953; 74MI2; 75JCS(P2) 1783 

Isoquinoline 

52JCP1554; 53JCS2406; 57JCS252I; 59JCS345I; 
62T507; 65CCC355; 68BSB181; 74CHE953; 
75JCS(P2)1783 

Acridine 

47TFS87; 50CR(231)1146: 52JCPI554; 53JCS2406; 
57JCS2521; 62T507: 63CCC2089; 65CCC355; 
68BSB18I; 74CHE953, 74MI2 

Benzo[/)quinoline 

57JCS2521: 62T507; 65CCC355; 68BSBI8I; 
74CHE953 

Benzol/ulquinoline 

50CR(231)1146: 53JCS2406; 62T507; 65CCC355; 
74CHE953 

Benzo[/i]quinoline 

62T507; 65CCC355; 68BSB18I; 74CHE953 

Benzol/lisoquinoline 

62T507; 65CCC355 

Benzo[#]isoquinoline 

50CR1231)1146; 62T507; 65CCC355 

Benzo[/i]isoquinoline 

62T507; 65CCC355 

Benz[a]acridine 

65CCC355 

Benz|6]acridine 

65CCC355 

Benz[c]acridine 

65CCC355 

Dibenz[b,/?]acridine 

65CCC355 

1- and 7-Azafluoranthene 

62T507 

Naphtho[2,3-/lquinoline 

65CCC355 

Naphtho[2,3-;?)quinoline 

65CCC355 

Naphtho[2,3-jd- 

isoquinoline 

65CCC355 

Phenanthridine 

49JCS97I; 52JCPI554; 57JCS252I; 62T507; 
65CCC335; 68BSB18I; 74CHE953 

Naphthyridines 

49JCS971: 68BSI9I; 68JOCI384 

Quinazoline 

49JCS97I; 57JCS2521; 65JCP2658; 68BSB19I 

Quinoxaline 

49JCS971; 57JCS2521; 68BSBI91 

Cinnoline 

49JCS97I; 57JCS252I 

Phenazine 

49JCS971; 52JCP1554; 57JCS252I; 68BSB191 

Benzo[c]cinnoline 

49JCS971; 68BSBI9I 

Phenanthrolines 

49JCS971; 57JCS2521; 62T507; 65CCC355; 69T583; 
74CHE953 


"In addition, the papers by Longuet-Higgins and Coulson give ir densities for every position in 
every diaza derivative of anthracene and phenanthrene (47TFS87; 49JCS971). 


little affected by it. It matters little if nitrogen is in the 1- or 3-position on 
the one hand, or the 2- or 4-position on the other. 

(4) The highest densities are at the 9- or 10-positions (which corre¬ 
spond to the most reactive positions in phenanthrene), except for 9-aza- 
phenanthrene, in which deactivation by the adjacent nitrogen is clearly 
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0.995 0.982 1.006 

4-azaphenanthrene 9-azaphenanthrene 


(benz[hjquinoline) (benz[£]isoquinoline, phenanthridine) 

Scheme 11.7. it Densities for azaphenanthrenes (62T507). 

greatest for any position (after allowing for the intrinsically higher reactiv¬ 
ity of the 9,10-phenanthrene positions). This exception follows because 
the 9,10-bond has the highest order in phenanthrene-like molecules. 

(5) In 2- and 4-azaphenanthrene, the 10-position (conjugated with nitro¬ 
gen) actually has a higher density than the adjacent nonconjugated 9-posi¬ 
tion. This is due to the very poor conjugation between the 2- or 4- and 
10-positions, and this is the same factor which causes the 5-position in 
quinoline and the 8-position in isoquinoline to be relatively reactive de¬ 
spite being conjugated with nitrogen. It also accounts for the it density at 
the 5-position (conjugated) of 9-azaphenanthrene being higher than that 
at the 6-position (nonconjugated). 

B. Quinoline and Isoquinoline 

tt Densities and localization energies have been calculated for both 
quinoline and isoquinoline [71JCS(B)2382; 75JCS(P2)1783]. The results 
are shown in Scheme 11.8. 

Although the parameters used were very successful in correlating the 
reactivity of the pyridine free base (Chapter 9), the localization energies 
are unsatisfactory and grossly overestimate the reactivities of a-naphtha- 
lene-like positions. For example, even the 4-position of quinoline is pre- 
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71 -densities 


0.989 0.933 


0.996 

0.985 


10.995 
lo.931 


0.984 

0.994 


0.998 0.979 

i<^ S V^iO. 982 



0.986 0.934 


Localization energies 


2.340 2.480 


2.315 2.366 


2.502 S?' 'VS 2.508 2.538 

2-536 ^sV^S N ^ 2 - 723 2 - 500 

2.320 

Scheme 11.8. it Densities and localization energies 



2.339 2.634 

(-8) for quinoline and isoquinoline. 


dieted to be activating. Indeed, most positions are predicted to be equal 
to or more reactive than benzene. However, these predictions refer to 
high p factor reactions of the free bases, for which no data have yet been 
obtained. It could well be that for such reactions the high demand for 
resonance stabilization of the transition state would result in considerably 
enhanced reactivity at some positions. 

ir Densities are much better parameters for the data presently available. 
For quinoline they predict the order 8 > (benzene) >6>3>5>7>4 
> 2, whereas the observed order (pyrolysis of 1-arylethyl acetates. Sec¬ 
tion 7) is 5 > (benzene) >8 = 6>3>7>2>4. The only significant 
difference is that the 5-position is predicted to be too deactivated, the 
calculations evidently overestimating the stability of the structure 11.121. 
This is of particularly high energy because practically every bond needs 
to be adversely lengthened or shortened relative to the ground state. The 
above ir-density order is not significantly affected by changing the value 
for the auxiliary inductive parameters [71JCS(B)2382]. 

For isoquinoline, ir densities predict the order benzene > 5 > 7 > 8 > 
6 > 3 > 4 > 1, whereas the observed order (pyrolysis of 1-arylelthyl 
acetates. Section 7) is 4 > benzene >5 = 7>8>6>3>1. 
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However, Brown and Harcourt observed that for isoquinolirtes the po¬ 
sitional reactivity order is markedly affected by the value of the auxiliary 
inductive parameter and if a smaller value for h' of 0.018 is used then the 
predicted order becomes [60T(8)23] 4 > 5 > benzene >7>8>6>3> 
1, which is effectively that observed. Notable is the fact that the activa¬ 
tion of the 4-position is correctly predicted. The reason for the need for 
the smaller parameter was not clear originally [ 75JCS(P2)1783], but al¬ 
most certainly arises because of the low 2,3-bond order. The greater C- 
3—N-2 distance will make the effective electronegativity of C-3 less than 
would be the case in pyridine. It follows from this conclusion that one 
probably needs a correspondingly greater auxiliary inductive parameter 
for C-l, but no calculations with independently varying parameters have 
yet been carried out. 

Calculations of tt densities, total electron densities, localization energ¬ 
ies, or delocalization energies for pyridine and quinoline by the MINDO/ 
2 method give results that are either no better or worse than those calcu¬ 
lated by the simple Huckel method [73JCS(P2) 179]. It is generally found 
that for aromatic reactivity the Huckel method outperforms other meth¬ 
ods often regarded as superior. Ab initio calculations may in due course 
produce better results, but at present are far too expensive for molecules 
of this size. 



Chapter 12 


Thiaazepines 


An intriguing new class of heteroaromatic compounds containing nitro¬ 
gen and sulfur in seven-membered rings has been described by Morris 
and Rees (85CC396, 85CC398; 86CSRI, 86PAC197). The class comprises 
1,3,5,2,4-trithiadiazepine (12.1), benzo-l,3,5,2,4-trithiadiazepine (12.2), 
and 1,3,5,2,4,6-trithiatriazepine (12.3); some related compounds have 
also been made but these do not contain C—H bonds and are therefore 
not considered here. 



(12.1) (12.2) (12.3) 

Trithiadiazepine (12.1) is colorless, planar, and symmetrical, and has 
bond lengths intermediate between double and single as expected for a 
IOit aromatic system; the C—C bond length is 1.346 A. The benzo deriva¬ 
tive (12.2) is also planar and symmetrical, but is bright yellow, and there 
is bond alternation in the benzene ring (see 12.2) akin to that found in 
naphthalene. Crystal discontinuities have prevented the accurate mea¬ 
surement of the structural details of 12.3, which is also colorless, but it 
is presumed to be planar. 

Each of 12.1, 12.2, and 12.3 undergoes electrophilic substitution, and 
for 12.1 and its bromo and nitro derivatives, and for 12.3, the reactivities 
have been determined quantitatively via acid-catalyzed hydrogen ex¬ 
change (detritiation) by A. Laws and R. Taylor [89JCS(P2)1911], The 
rate-acidity profile for 12.1 in trifluoroacetic acid/acetic acid media shows 
hydrogen bonding between substrate and solvent. This is similar to all 
other sulfur-containing heteroaromatics (see Chapter 8, Sections 4.A, 
5. A, and 6.A), for which the extent of bonding is, in general, proportional 
to the number of sulfur atoms present. For the trithiadiazepine (12.1), the 
extent of this bonding is slightly greater than for thienothiophenes, but 
less than for dithienothiophenes or anisole, and thus also roughly propor¬ 
tional to the number of sulfur atoms present. However, this must be fortu¬ 
itous here, since hydrogen bonding to nitrogen will be more important. 
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The partial rate factors corrected for hydrogen bonding, and the derived 
cr + values, are given in Scheme 12.1. These values show trithiadiazepine 
to be slightly more reactive than the p-position of thiophene, for which 
the corrected cr + value is -0.56 (cf. -0.913 for the a-position). Conjuga¬ 
tion between a given carbon and the a- and p-sulfur atoms involves struc¬ 
tures 12.4 and 12.5, respectively, formally analagous to the corresponding 
structures 12.6 and 12.7 for substitution at the a- and p-positions of thio¬ 
phene. However, greater bond reorganization from the ground state is 
required to produce 12.4 than is the case for 12.6, and, moreover, the 
sulfur atoms in 12.4 and 12.5 should be less electron releasing than in 
thiophene due to the adjacent nitrogen atoms. The observed reactivity of 
less than the average of the positional reactivities in thiophene is there¬ 
fore quantitatively reasonable. The reactivity greater than benzene is also 
consistent with ab initio calculations of the net atomic charges at C6,7 of 
-0.189 (85CC398) (cf. -0.063 for benzene) (both at the STO-3G level). 



(12 4) (12 5) (12-6) (127) 

Bromotrithiadiazepine is slightly less susceptible to hydrogen bonding 
than the parent molecule (12.1), as expected, and the partial rate factor 



Scheme 12.1. Partial rate factors for protiodetritiation. 
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for detritiation (Scheme 12.1) shows it to be ninefold less reactive than 
12.1. This difference compares with a 37-fold deactivation by an 
ortho-bromine atom in benzene (61JCS2388) and a 6.1-fold deactivation 
by ortho bromine in naphthalene (in 2-bromo-l-T-naphthalene) 
[68JCS(B)1112]. The latter differences are due to differences in bond or¬ 
der, the + M effect of bromine (which counteracts the -/ effect) being 
much more effective across a bond of higher order. The effect of bromine 
in trithiadiazepine is consistent with this explanation, since the C—C 
bond length (1.35 A) is close to that of the 1,2-bond in naphthalene (1.36 
A) (cf. 1.40 A in benzene). 

Exchange in nitrotrithiadiazepine could be achieved only in trifluoro- 
acetic acid containing 5% trifluoromethanesulfonic acid (TMSA) and was 
accompanied by some decomposition, so the partial rate factor and a + 
value (Scheme 12.1) are maximum values. The quantitative deactivation 
by an ortho-nitro group in benzene in hydrogen exchange is not known, 
and values from other reactions may be unreliable due to conformation 
dependence. The value of cr + for 2-N0 2 has been determined in the gas 
phase as 0.84 [71JCS(B)622], which predicts a deactivation of 2.2 x 10 7 . 
The observed deactivation in trithiadiazepine (>7.4 x 10 7 ) agrees re¬ 
markably well; greater deactivation could be expected because of the 
higher C—C bond order. 

Exchange in trithiatriazepine (12.3) could also be achieved only in 5% 
TMSA in TFA and was likewise accompanied by decomposition. The de¬ 
rived rate parameters (Scheme 12.1) are again maximum values. The or- 
tho-aza “substituent” is slightly more deactivating than the ortho nitro, 
and closely similar effects were predicted earlier from data on pyrolysis 
of 1-arylethyl acetates [62JCS4881; 71 JCS(B)622). 

Electrophilic substitution in 12.2 indicates that the 7-position (corres¬ 
ponding to the p-position of naphthalene) is the more reactive, and this 
follows since this position is para conjugated with sulfur (12.8), whereas 
the 6-position is ortho conjugated (12.9). Yields are lower than in substitu¬ 
tion of 12.1, but this does not necessarily indicate that 12.2 is less reac¬ 
tive, since substitution is accompanied by ring-contraction reactions. No 
quantitative data are yet available. 
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